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ABSTRACT 

 

 

SWEET SORGHUM (SORGHUM BICOLOR) BIOMASS, GENERATED FROM BIOFUEL 

PRODUCTION, AS A RESERVOIR OF BIOACTIVE COMPOUNDS FOR HUMAN 

HEALTH 

 

 

 Sorghum bicolor is the fifth most cultivated cereal crop worldwide1. Varieties of S 

bicolor, known as grain sorghum, are cultivated for human food and animal feed. Certain 

varieties, known as sweet sorghum, concentrate sugar in the pith cells of the stalk and are 

cultivated for sugars and syrups. Recently, interest has grown in the use of sweet sorghum as a 

feedstock for biofuel production. This is due to reduced water requirements, shorter growing 

periods and reduced cultivation cost when compared to other feedstocks1. Biofuel production of 

sweet sorghum generates large masses of biological wastes, comprised of stalks, leaves, leaf 

sheaths and seed heads2. This biomass could serve as a potential reservoir for bioactive 

compounds for human health. Rich in phenolic acids and flavonoids, these parts of the sorghum 

plant have been used as a traditional medicine in African and Asian cultures for the treatment of 

various disease states, including cancer3. Furthermore, recent studies have elucidated in vitro and 

in vivo antiinflammatory, antioxidant, and anticancer activities of the seed head, leaf and leaf 

sheath4–11. Much less is known about the in vitro and in vivo bioactivities of the stalk 

components of sweet sorghum varieties. Here, the in vitro anticancer activity, and the in vivo 

antiinflammatory and antioxidant activity of sweet sorghum with a focus on the dermal layer, a 

component of sweet sorghum stalk, were investigated. It was hypothesized that the dermal layer 

contains phenolic compounds with antiproliferative, proapoptotic and 
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antiinflammatory/antioxidant properties. Given the high rates of cancer incidence and mortality, 

as well as the close connection to a Western diet, in vitro colon cancer cell models and in vivo 

Western diet induced obesity and oxidative stress models were utilized for the purposes of this 

study.  

 For in vitro studies, the colon cancer HCT116 cell line and colon cancer stem cells 

(CCSCs), and their p53 variants HCT116 p53-/- and CCSCs p53 shRNA, were treated with 

different doses of phenolic rich extracts from the stalk components (pith and dermal layer), the 

leaves, and the seed head. Phenolic compounds are ubiquitous throughout the plant kingdom, 

consistently display bioactivity, and their antioxidant activity has been linked to the anticancer 

activity of phenolics. Total phenolics and antioxidant activities were determined by the Folin-

Ciocalteu and 2,2`-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays, 

respectively. Individual phenolic compounds were identified by LC-MS analysis. Increased 

proliferation and suppressed apoptosis are two important hallmarks of cancer and are commonly 

targets of anticancer therapies. Given this, cancer cell proliferation was assessed with cell 

counting and BrdU assay, and apoptosis was assessed by Caspase 3/7 Glo, PARP cleavage and 

TUNEL assays. The colony formation assay was used as a measure of cell stemness in CCSCs. 

Western blotting was used to determine protein levels associated with the β-catenin signaling. 

We first show that extracts from sweet sorghum dermal layer stimulated apoptosis and 

suppressed cellular proliferation in CCSCs and HCT116 cells, more so than the pith. 

Furthermore, the dermal’s activity was diminished, but not abrogated in p53 variants of colon 

cancer cells indicating partial p53-dependency. The dermal layer reduced cancer cell stemness 

by decreasing colony formation of CCSCs, indicating anticancer activities beyond suppressing 

proliferation and inducing apoptosis. Interestingly, the dermal layer had more 3-
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deoxyanthocyanidins than pith and this was associated with increased activity. These compounds 

are reported to have potent anticancer and phase II enzyme inducing activities8. Further 

investigations were carried out in the dermal layer, leaf and seed head to directly compare 

anticancer activities from these extracts. The molecular mechanisms for apoptosis were also 

investigated in the dermal layer and seed head, the most potent proapoptotic sweet sorghum 

components. Western blotting revealed that elevation in apoptosis was correlated with concurrent 

suppression of β-catenin (r = -0.920; P < 0.01), β-catenin’s down-stream prosurvival targets c-

Myc (r = -0.922; P < 0.01) and Survivin (r = -0.519; P < 0.01). Together, our data suggests that 

apoptosis was achieved via favorable modulation of aberrant β-catenin signaling. 

 For in vivo studies of inflammation and oxidative stress, the murine Western/high-fat diet 

(HFD; 40% kcal fat) induced obesity and oxidative stress model was utilized. Male and female 

A/J mice were provided with HFD and low-fat diet control (LFD) for 10 weeks with and without 

1% sweet sorghum stalk (dermal layer) extract (SS). During the treatment period, weekly 

measures of bodyweight, feed intake and water intake were collected. At the end of the study, 

dual energy X-ray absorptiometry (DEXA) was performed to assess adiposity. After treatment 

period, mice were sacrificed, vital organs weighed, and tissues and plasma collected for further 

analysis. The inflammatory markers NF-κB, tumor necrosis factor  (TNF), interleukin-6 (IL-

6) and IL-1β, the macrophage marker F4/80, and monocyte chemotactant protein-1 (MCP-1) 

were assessed in the colonic mucosa by qPCR. Barrier function of the colon was assessed by 

measuring the tight junction proteins, occludin and zona occluden-1 (ZO-1), by qPCR. Oxidative 

stress was assessed in the plasma by levels of 8-isoprostane (8IP). Feeding of SS extract in both 

LFD and HFD consuming groups did not negatively influence bodyweight, feed intake, water 

intake, and vital organ weights, indicating that SS extract was well-tolerated in male and female 
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A/J mice consuming HFD and LFD at 1% of diet. SS extract also reduced the systemic levels of 

oxidative stress as measured by plasma 8-isoprostane levels. SS extract did not improve 

adiposity in HFD consuming mice.  

 It was demonstrated that the stalk (pith and dermal layer), leaf, and seed head contain 

phenolic and antioxidant compounds conferring anticancer properties in colon cancer stem cells, 

supporting the hypothesis. This activity was most prominent in the dermal layer and seed head. 

Furthermore these extracts were shown to act via decreasing β-catenin and β-catenin’s 

prosurvival target genes. Additionally, we have demonstrated phenolic rich extract from dermal 

has in vivo antioxidant activities, and was well-tolerated in a high-fat diet mouse model of 

obesity and oxidative stress. More research is still needed to further elucidate the mechanisms 

through which sweet sorghum derived bioactive compounds favorably alter β-catenin levels in 

vitro and oxidative stress in vivo. Together this data suggests that sweet sorghum, an attractive 

source of fermentable sugars for biofuel production producing large quantities of biomass, is also 

an attractive reservoir of bioactive phenolic compounds with human health benefiting properties.  
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CHAPTER 1: INTRODUCTION AND REVIEW OF LITERATURE 

 

 

 

1.1 Introduction. 

 

 Sorghum bicolor is the fifth most cultivated cereal crop worldwide1. Varieties of S 

bicolor, known as grain sorghum, are cultivated for human food and animal feed.  Other 

varieties, known as sweet sorghum, concentrate sugar in the pith cells of the stalk. As a 

consequence, sweet sorghums have thicker taller stalks with smaller seed heads12. Recently, 

interest has grown in the use of sweet sorghum as a feedstock for biofuel production due to 

reduced water requirements, shorter growing periods and reduced cultivation cost when 

compared to other feedstocks1. Furthermore, sweet sorghum can grow in marginal lands, and 

therefore does not have to compete with current food production, as is the case with corn and 

sugar cane1,13. Production of biofuel from sweet sorghum can be made more attractive when 

producers utilize the biorefinery approach14. In this approach, the entire above ground portion of 

the plant is utilized in the creation of energy and value-added products, minimizing waste, and 

thereby reducing the costs associated with the generation of biofuels15. Such products could 

include bioactive extracts prepared for the purposes of human health.  

 Biofuel production of sweet sorghum generates large masses of biological wastes 

comprised of stalks, leaves, leaf sheaths and immature seed heads2. Establishing biorefinery 

processes for sweet sorghum and other sources of biomass has been the center of recent 

investigations and reviews14–16. These publications have focused on: Creation of ethanol; 

Generation of steam power from combustion; Generation of butanol; Creation of fiber products 

and wood plastic composites; Production of nanomaterials; etc14,15. Recently, there has been an 

increasing interest in the use of biomass as a source of bioactive plant metabolites for human 
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health and other purposes17. These bioactive metabolites may include phenolics, carotenoids, 

glucosinolates and others depending on the source of bioactive compounds. Phenolics, a broad 

class of plant compounds that include one or multiple phenolic ring structures, are broadly 

spread throughout the plant kingdom18. It has been well reported that stalks, leafs and seed heads 

of sorghum contain phenolics4–7 with bioactivity15–17. However, most of the information pertains 

to grain sorghum varieties, not sweet sorghum varieties. In addition, these products, particularly 

the leaves and leaf sheaths, have been used by traditional healers in Africa and India for anemia, 

epilepsy, stomach ache, and interestingly, cancer3.  

 Recent evidence suggests that bioactive compounds (e.g. phenolic acids, flavonoids, 

stilbenoids, carotenoids) confer the protective and preventive effects against chronic diseases, 

such as cancer, associated with a plant-based diet19. Colorectal cancer is one such disease and is 

estimated to be the second most common cancer in females and third most common in males in 

the US20. Furthermore, it has been estimated that up to 80% of colorectal cancers are caused by 

diet and dietary factors19. This understanding has increased the demand for information 

regarding the role of dietary constituents in the prevention and treatment of diseases, such as 

colorectal cancers. In fact, there are multiple clinical trials investigating the preventive and 

therapeutic roles of curcumin, resveratrol, and n-3 polyunsaturated fatty acids for colon cancer21.   

 The process by which normal colonic epithelium progresses to colon cancer is multi-step, 

whereby cells accumulate successive genetic alterations, establish clones and gain a proliferative 

advantage22. The traditional pathway to colorectal cancer accounts for 70% to 85% of all cancers 

and starts with loss of APC function22, which results in accumulation of β-catenin and aberrant 

WNT/β-catenin signaling. This aberrant β-catenin signaling occurs in almost all cases and drives 

colorectal carcinogenesis23,24. Loss of APC is then followed by mutation of K-ras, loss of 18q, 
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and finally loss of p53 via 17p loss22. p53 is responsible for cell cycle arrest and apoptosis25. 

Therefore, it prevents the build-up of mutated genomes and the advancement of cancer. p53 is 

abnormal in 50% to 75% of all colorectal cancers, and this marks the transition from noninvasive 

to invasive disease22. Furthermore, loss of p53 disrupts normal tumor responses to conventional 

therapies, such as 5-Fluorouracil, thus making it difficult to treat these advanced tumors with 

conventional therapies26. Bioactive compounds are often found in complex mixtures in nature27, 

and, unlike a single therapeutic agent, contain the ability to influence multiple cellular pathways. 

Mixtures such as green tea extract and grape seed extract with resveratrol have demonstrated 

anticancer activity that act in both p53-dependent and p53-independent mechanisms, pointing to 

the ability of these mixtures to influence multiple pathways28,29. These findings warrant further 

investigations into uncovering natural sources of potential chemotherapeutic and 

chemopreventive agents. 

 Inflammation and inflammatory conditions of the bowels have been strongly linked to 

colon cancer30–32. In all patients with inflammatory bowel disease (IBD), 20% will develop what 

is known as colitis-associated cancers33. These cancers are a subset of colorectal cancers 

associated with IBD with a similar carcinogenesis to that of sporadic colorectal cancers33. Non-

colitis-associated colorectal cancers (i.e. sporadic colorectal cancer) have much in common with 

colitis-associated cancer, including increased inflammatory cytokine expression and immune cell 

infiltrates33. Inflammation promotes the production of reactive oxygen species, which cause 

DNA oxidative damage34, and this may be a source of somatic mutations promoting tumor 

progression. Furthermore, inflammatory signaling can be mitogenic, promoting the growth of 

pre-cancerous and cancerous cells34,35. Obesity is a condition associated with chronic 

inflammation and oxidative stress, and this may be important in the promotion of obesity-related 
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cancer36. The prevalence of obesity is high and it is estimated that 20% of cancer cases are 

attributable to obesity37,38. 

  Intriguingly, there many studies documenting the antiinflammatory and antioxidant 

properties of bioactive compounds. For example isothiocyanates and curcumin decreased NF-κB 

signaling39. Grapefruit bioactives suppressed COX-2 expression and colon carcinogenesis in an 

azoxymethane model of colorectal cancer40. Whole plant foods, such as berries, broccoli, and 

grape fruit, are reported to have beneficial properties for obesity-enhanced cancers36. Luteolin, a 

flavonoid found in S bicolor decreased COX-2 expression in a rodent model of skin cancer41. 

 Developing new and sustainable sources of bioactive compounds with therapeutic value 

will be important in the future treatment and prevention of chronic disease. Given the need for 

non-conventional therapies in the treatment of colorectal cancer, the prevalence of high-fat diet 

and obesity in the general public, and the general lack of information with respect to sweet 

sorghum bioactives, the anticancer properties of sweet sorghum were investigated in in vitro 

models of colorectal cancer, and the antiinflammatory and antioxidant properties in an in vivo 

murine model of high-fat diet induced obesity and colonic inflammation.  

1.2 Literature Review. 

1.2.1 The Sweet Sorghum Plant. 

 Placing fifth worldwide in cereal production1, Sorghum bicolor is a cereal of high genetic 

variability42, resulting in high morphological and phenotypic variation43. This variation results in 

varieties of Sorghum bicolor, called sweet sorghum, which concentrate simple sugars (glucose, 

fructose and sucrose12) in the pith cells of the stalk1,43. As a result of this sugar storage, sweet 

sorghum varieties typically have taller, thicker stalks and smaller seed heads12.  This can be seen 

in Figure 1. Given these unique characteristics, it is no surprise that sweet sorghums are used to 
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produce a myriad of products, including syrups, sugars, alcohol, paper, fencing, roofing, 

chewing, and forage12,16. Sweet sorghums, and other S. bicolor ssp., are C4 plants characterized 

by high photosynthetic efficiency, producing high quantities of biomass44. Biomass of sweet 

sorghum includes stalk (pith and dermal layer), leaves, leaf sheaths, and seed head.  

 

Figure 1.  A cross-section of sweet sorghum stalk and a crop of sweet sorghum. (Left) A cross-

section of a sorghum stalk illustrating the outer dermal layer and inner pith section. Adapted 

from45. A crop of grain sorghum next to a crop of sweet sorghum (Right). 

  

In recent decades, interest in the use of sweet sorghum as a feedstock for biofuel has 

increased16,46,47. Sweet sorghum is has been recommended as an alternative biofuel, as it can be 

advantageous to other feedstocks depending on location and grower’s needs (Table 1)1. Sweet 

sorghum has a shorter growing period of 4 months and can be harvested multiple times in one 

growing season1. Sweet sorghum can grow on marginal lands not used for food production48. 

Sweet sorghum also has reduced water requirements, reducing the cost of irrigation when 

compared to corn and cane sugar1. This is in contrast to corn ethanol, as the edible starches are 

converted to the fermentable sugars needed for ethanol production. Additionally, sorghum 

directly produces fermentable sugars, bypassing unnecessary enzymatic conversions of starch. 
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These characteristics result in a feedstock for biofuel production requiring less water and 

financial cost to produce1. This combination may prove sweet sorghum as an attractive 

alternative to other biofuel feedstocks. 

Table 1. Comparison of sweet sorghum biofuel production to other feedstocks. 

parameter sweet sorghum sugarcane maize 

crop duration (months) 4 12 4 

water needs (m3/ha) 4000 36000 8000 

grain yield (t/ha) 2.0 -- 3.5 

green stalk yield (t/ha) 35 75 45 

cultivation cost with irrigation ($/ha) 238 995 287 

total ethanol (L/ha) 3160 8925 3216 

ethanol cost ($/kL) 75.3 111.5 89.2 

Adapted from and further reviewed in1. 

 

 The biorefinery approach to biofuel production is a concept, which mimics the traditional 

oil refinery, makes use of the entire above ground portion of the plant to produce energy and 

high value products, reducing the cost of biofuel production15. With respect to sweet sorghum, 

investigations into applying the biorefinery approach to sweet sorghum have focused on: 1) The 

creation of ethanol; 2) The generation of steam power from combustion; 3) generation of 

butanol; and 4) creation of fiber products and wood plastic composites14,15.  Figure 2 illustrates 

one such example from14. Recently, there has been an increasing interest in the use of plant 

secondary metabolites, which have inherent health benefits, as valuable biofuel co-products17. 

For example, phenolics are a broad class of plant secondary compounds that include a single or 

multiple phenolic ring structures, and are found throughout the plant kingdom18. Furthermore,  
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these phenolics compounds have been reported to be present in various sources of sorghum 

biomass (stalk, leaves, leaf sheaths, grain, glume, etc).

 

Figure 2. A schematic drawing of the biorefining sweet sorghum stalk. Adapted from14.  

 In a process developed by Great Valley Energy LLC, the stalk of sweet sorghum is cut 

into approximately 30 cm segments, called billets. These billets are further processed into sugary 

pith cells from the dermal layer as illustrated in Figure 3. The simple fermentable sugars are then 

separated from the pith cells and are fermented into ethanol. This leaves large amounts of dermal 

layer from the stalk of sweet sorghum, which has been proposed to be used for creating wax 

products, pulp, paper, and other products (Figure 4). Currently, there is relatively little known 

with respect to the in vitro and in vivo bioactive compounds and bioactivity properties of the 

stalk of sweet sorghum. Given the unique opportunity for this important component to serve as a 

source of bioactive compounds for human health, more research is needed to assess these aspects 

of the sweet sorghum plant. 
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Figure 3. Dermal layer (left) and pith (right) of sweet sorghum stalk after processing. 

 

 

 

Figure 4. Proposed uses for sorghum stalk by Great Valley Energy, LLC. 
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1.2.2 Sorghum Phenolics and Bioactivity. 

 Phenolics represents a broad class of compounds containing one or more aromatic ring 

structures with one or more hydroxyl substitutions18. Sorghum bicolor contains phenolic 

compounds with antioxidant activity, which confer protective effects to the sorghum plant49. 

When consumed by humans, these same phenolic compounds confer health benefits, referred to 

here as bioactivity50. Phenolic compounds have the ability to reduce free radicals, quenching free 

radical species and terminating free radical chain reactions, which can promote, among many 

things, damage of genomic DNA18,51. Total phenolics (TP) and antioxidant activity (AOA) can 

therefore be measured in a phenolic rich extract by the ability of the extract to reduce a substance 

by donating protons or electrons.  

 The Folin-Ciocalteu assay is used to assess the level of TP. It is based on the ability of a 

source of phenolics to participate in a hydrogen atom transfer to reduce the Folin-Ciocalteu 

reagent comprised of phosphomolybdate and phosphotungstate creating a blue color with a 

maximum absorbance at 765 nm52. Gallic acid is by far the most common standard phenolic 

compound used for quantification purposes in the Folin-Ciocalteu assay. The 2,2-diphenyl-1-

picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) are 

stable free radical pigments, which are reduced in the presence of antioxidants to form a 

colorless product53. The disappearance of free radical can therefore be measured by a 

spectrophotometer. Assays based on the quantification of the disappearance of the free radical 

species can quantify the AOA of an unknown to that of a standard solution. Trolox is most 

commonly used in these assays for the quantification of antioxidant activity. The oxygen radical 

absorbance capacity (ORAC) assay is another method for measuring AOA of a substance. It is 

based on the ability of a substance to prevent the oxidative degeneration of a fluorescent 
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molecule, typically fluorescein. Like DPPH and ABTS, Trolox is used as a standard antioxidant 

and used for quantification purposes.  

 Table 2 summarizes previous efforts to quantify TP and AOA from different components 

of S. bicolor separated by the type of sorghum used in the study. The levels of TP and AOA in 

sorghum range widely and depend on the component of sorghum extracted, as well as genotype. 

The grain has been the most studied with respect to TP and AOA. TP and AOA values have been 

reported to range from 2 to 9 mg GAE/g (Folin-Ciocalteu assay)54 and from 5 to 85 µmol TE/g 

(DPPH assay)6,55 in the grain of grain sorghum, respectively.  The grain of dye sorghum contains 

much higher TP and AOA with reported values as high as 23 mg GAE/g and 147 µmol TE/g 

(DPPH), respectively. The presence of concentrated polyphenolic pigments, known as 

anthocyanins, may be responsible for these observations, as they can contribute to TP and AOA. 

Furthermore, antioxidants seem to be more concentrated in the bran, which makes up the hard 

outer layer of the grain, containing up to 782 µmol TE/g (ABTS)6. Other parts of the sorghum 

plant, including the leaves and stalk of sorghum have been reported to contain 11.7 and 1.0 mg 

GAE/g of total phenolics, respectively56. The leaf sheaths of dye sorghum have been reported to 

contain as much as 135 mg GAE/g4. This is also due to the presence of anthocyanins, which are 

concentrated in the leaf sheaths of these varieties of sorghums. These data reflect the high 

variation of TP and AOA inherent in the different varieties and components of sorghum, which 

may affect related bioactivities.  

 Phenolic acids represent the simplest phenolic compounds, containing a single aromatic 

ring with hydroxyl and methoxyl substituted groups, and are derivatives of cinnamic acid and 

hydroxybenzoic acid49. They are spread broadly throughout the plant kingdom and estimated to 

contribute to one third of the total phenolic compounds consumed in the diet57. The major  
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Table 2. Comparisons of reported Sorghum bicolor total phenolic and antioxidant activity. 

sorghum source method contenta 

grain sorghums grain 
 
 
 
 
 
 
leaves 
stalk 

ABTS 
 
DPPH 
 
Folin-Ciocalteu 
 
ORAC 
Folin-Ciocalteu 
Folin-Ciocalteu 

10-170 µmol TE/g54 
125-562 µmol TE/g55 

5-85 µmol TE/g54 
15-43 µmol TE/g55 

2-9 mg GAE/g54 
8-30 mg GAE/g55 

81-236 µmol TE/g55 
3.4-11.7 mg GAE/g56 

0.4-1.0 mg GAE/g56 

dye sorghums grain 
 
 
leaf sheath 
 

DPPH 
Folin-Ciocalteu 
 
ABTS 
Folin-Ciocalteu 

83-147 µmol TE/g5 
9-23 mg GAE/g5 

10.6-17.5 mg TAE/g58 
3760-5580 µmol TE/g DM4 

65-135 mg GAE/g4 

specialty sorghums bran 
 
grain 

ABTS 
DPPH 
ABTS 
DPPH 

28-786 µmol TE/g6 
21-716 µmol TE/g6 

6-226 µmol TE/g6 
6-202 µmol TE/g6 

aSuperscripted numbers indicate references. DM = dry matter; TE = Trolox equivalents; GAE = gallic acid 
equivalents. 

  

phenolic acids identified in sorghum grain include protocatechuic, gentisic, caffeic, cinnamic, 

ferulic, sinapic, salicylic and p-coumaric59 and are illustrated in Figure 5. Vanillic, p-

hyrdroxybenzoic and gallic acids have also been identified in the grain of sorghum5. p-coumaric, 

o-coumaric, and p-hydroxybenzoic acids have been identified in the leaf sheaths of sorghum 

varieties4. In the leaves, p-hydroxybenzoic, o-coumaric, p-coumaric, caffeic, ferulic, and gentisic 

acids have been reported to inhibit Locusta migratoria feeding60, indicating the importance of 

these compounds to plant defense. p-coumaric and ferulic acids have been reported in the stalks 

of sorghum44. Table 3 summarizes efforts to identify and quantify phenolic acids and illustrates 

the variability in expression of these compounds in the parts of the sorghum plant. For example, 

there is nearly a 4-fold increase in the levels of p-coumaric acid from the grain to the leaf sheath. 
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Figure 5. Phenolic acids identified in Sorghum bicolor. Adapted from61. 

Table 3. Reported phenolic acids in Sorghum bicolor. 

class compound source concentrationa 

phenolic acids protocatechuic acid grain 7-141 mg/kg5 

p-hydroxybenzoic acid grain 15-34 mg/kg5 

 leaf reported60 

vanillic acid grain 8-51 mg/kg5 

 leaf reported60 

p-coumaric acid grain 
leaf sheath 

86-232 mg/kg5 
512-834 mg/kg4 

 leaf reported60 

 pith 13907 g/kg CWR44 

 bark 19893 g/kg CWR44 

o-coumaric acid leaf reported60 

ferulic acid grain 105-343 mg/kg5 

 leaf reported60 

 pith  6466 g/kg CWR(b)44 

 bark 8446 g/kg CWR(b)44 

gallic acid grain 20-46 mg/kg5 

gentisic leaf reported60 

caffeic acid grain 26-52 mg/kg5 

cinnamic acid grain 5-20 mg/kg5 

hydroxybenzoic acid leaf sheath 381-1555 mg/kg4 

salicylic grain reported59 

syringic grain reported59 

sinapic grain reported59 
aSuperscripted numbers indicate references. Reported, references which only reported presence of compound. 
bCWR, cell wall residue. 
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 The bioactivity of phenolic acids in cancer cells have been well reported and are 

summarized here in Table 4. Phenolic acids are able to alter many steps of the carcinogenesis 

process. DNA damage as a result of oxidative damage contributes the formation of somatic 

mutations which contribute to carcinogenesis51. Certain phenolic acids, such as ferulic and 

cinnamic acid, have been shown to inhibit the promotion stage of cancer by decreasing DNA 

damage62. This is further supported by cinnamic acid’s effect on increasing glutathione S 

transferase activity63, an important enzyme in antioxidant defense, which helps in decreasing 

oxidative stress63. Hyper-proliferation and protection from apoptosis are important hallmarks to 

cancer64. Phenolic acids such as p-coumaric acid62 and vanillic acid65 have been shown to 

decrease proliferation and increase apoptosis in a number of cancer cell lines, including colon 

cancer cells. COX-2 contributes to inflammation, proliferation, and reduced apoptosis and 

Inhibitors of COX-2 activity have long been associated with decreased rates colorectal cancer66. 

Ferulic acid was demonstrated to reduce colon cancer HT29 cell proliferation through altering 

COX-262.  Interestingly, these phenolic acids have been identified in the grain, leaf, leaf sheath 

and stalk of sorghum varieties. 

Table 4. Bioactivity of phenolic acid compounds identified in Sorghum bicolor. 

class compound model  biological activitya 

phenolic 
acids 

protocatechuic acid HepG2 liver cancer cells 
 
T47D breast cancer cells 

↑ apoptosis through JNK & p38 stimulation67 
↓ proliferation; ↑ apoptosis68 

vanillic acid HT-29 colon cancer cells 
NIH/3T3 

↓ proliferation; ↑apoptosis65 
↓ proliferation; ↑apoptosis65 

p-coumaric acid HT-29 colon cancer cells 
EMT-6 breast cancer cells 
SW-620 colon cancer cells 
LOVO colon cancer cells 
HCT-8 colon cancer cells 

↓ proliferation62 
↓ proliferation62 
↓ proliferation62 
↓ proliferation62 
↓ proliferation62 

ferulic acid HT-29 colon cancer cells 
 
T47D breast cancer cells 

↓proliferation; ↓ genotoxicity;  
↓ COX-262 
↓ proliferation; ↑ apoptosis68 

caffeic acid T47D breast cancer cells ↓ proliferation; ↑ apoptosis68 

cinnamic acid F344 rats colonic mucosa ↓ genotoxicity; ↑ glutathione-S-transferase63 
aSuperscripted numbers indicate references. 
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 Flavonoids are the second major class of sorghum phenolics (Figure 6) and represent the 

largest class of phenolics in the plant kingdom, and can be divided into six major subclasses 

based on C-ring substitutions; flavanones, flavonols, flavones, catechins, anthocyanidins, and 

isoflavones69. Table 5 summarizes previous efforts to identify and quantify sorghum flavonoids. 

In sorghum, anthocyanidins, flavones, flavanones, and flavonols have been previously identified. 

The anthocyanidins apigeninidin and luteolinidin, and their methoxylated counterparts, 7-

methoxyapigeninidin and 5-methoxyluteolinidin, are seemingly ubiquitous in the sorghum plant 

and have been identified in sorghum glume, grain, leaf and leaf sheath5,70. These compounds lack 

a hydroxyl group on the 3-carbon and are collectively known as 3-deoxyanthocyanidins. When 

compared to their 3-hydroxylated counterparts, these compounds are more stable in acidic 

solutions and have been shown to be more cytotoxic to cancer cells4,71. These compounds also 

induce detoxifying phase II enzymes8. Sorghum is the only plant known to contain significant 

quantities of these 3-deoxyanthocyanidins suggesting it to be a unique reservoir of health 

benefiting compounds4. 

 Apigenin, luteolin, and tricin are flavones identified in the grain and the stem of 

sorghum5,7,72. Apigenin has demonstrated anticancer activity in HeLa cells and Hep3B cells11,73, 

and luteolin has demonstrated anticancer activity in vitro and in vivo41. While certain flavonoids 

are seemingly ubiquitous throughout the sorghum plant, the flavanones naringenin and 

eriodictyol have only been identified in the grain of sorghum74 and is currently unknown if it is 

expressed in measurable quantities in other parts of the sorghum plant. Naringenin decreases 

tumor growth in ddY mice implanted with S-180 sarcoma cells9, and Eriodictyol inhibits EGF 

induced JB6 Cl41 cell transformation in vitro75. Kaempferol 3-rutinoside-7-glucuronide76, 

taxifolin and related glycosides77, quercetin glycosides7, catechins78, epicatecin78 and 
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procyanidins78 have also been reported in sorghum grain and each demonstrating unique 

anticancer properties.  

 
Figure 6. Common flavonoids identified in Sorghum bicolor. Adapted from49. 
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Table 5. Reported flavonoids in Sorghum bicolor. 

class compound source concentrationa 

anthocyanidins apigeninidin glume 
grain 
leaf 
leaf sheath 

~100-~7000 mg/kg70 
300-1000 mg/kg5 
0-~1300 mg/kg70 

14720-45760 mg/kg4 

luteolinidin glume 
grain 
leaf 
leaf sheath 

0-~1000 mg/kg70 
trace-1500 mg/kg5 

0-~500 mg/kg70 
430-1660 mg/kg4 

7-methoxyapigenindin glume 
grain 
leaf 
leaf sheath 

0-~2000 mg/kg70 
0.4-137.4 mg/kg5 

0-~350 mg/kg70 
0-~2500 mg/kg70 

5-methoxyluteolinidin glume 
grain 
leaf 
leaf sheath 

0-~300 mg/kg70 
0.3-153.5 mg/kg5 

0-~200 mg/kg70 
0-~4500 mg/kg70 

malvidin leaf sheath 570-1030 mg/kg4 

flavones apigenin grain 
stem 

2.8-203.7 mg/kg74 
reported72 

luteolin grain 
stem 

2.6-182.2 mg/kg74 
reported72 

tricin stem reported7 

flavanones naringenin grain 5.6-48.4 mg/kg74 

eriodictyol grain 5.6-12.9 mg/kg74 

eriodictyol 5-glucoside grain reported79 

flavonols kaempferol 3-rutinoside-7-
glucuronide 
quercetin 3,4’-dimethyl ether 

grain 
 
stem 

reported76 
 

reported7 

Dihydroflavonolsb taxifolin grain reported77 

taxifolin 7-glucoside grain reported77 

flavan-3-olsb catechin grain 10-180 mg/kg78 

epicatechin  grain 10-180 mg/kg78 

procyanidins grain 1300 – 22000 mg/kg78 

stilbenes trans-resveratrol grain reported5 

trans-piceid grain reported5 
aSuperscripted numbers indicate references. Reported, references which only reported presence of compound. 
bSub-class of flavonols. 

  

 Echoing the wide range in TP and AOA, flavonoid content is highly variable and ranges 

widely depending on part of the plant under investigation. For example, there is a 45-fold 

difference in the highest reported levels of apigeninidin in the grain and leaf sheath of sorghum. 

Therefore, the large variation in quantity and composition of phenolics from these different parts 

of the sorghum plant is expected to create a large variation in the bioactivity associated with the 
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phenolics from each part of the plant. This warrants further investigations into the bioactivity of 

the different parts of the sorghum plant in relation to their bioactive content. 

 Apart from phenolic acids and flavonoids, other phenolic compounds have been reported 

in sorghum grain. The stilbenoids piceid and resveratrol have been reported in the grain of red 

sorghum5. These compounds are known contain high antioxidant activity and have demonstrated 

strong bioactivities in many studies. For example, resveratrol decreased the number of high 

multiplicity aberrant crypt foci, a biomarker for colorectal cancer, in rats80. Additionally, 

resveratrol induced apoptosis in the HCT116 colon cancer cell line81.  

Table 6. Bioactivity of flavonoid compounds identified in Sorghum bicolor. 

class compound model  biological activitya 

anthocyan-
idins 

3-DXA rich 
sorghum extract  

Hepa 1c1c7 
HT-29 colon cancer cells 

↑ phase II enzymes8 
↓ proliferation8 

luteolinidin HL-60; HepG2 ↓ proliferation10 

apigeninidin HL-60 leukemia cells ↑ apoptosis; ↑Bak; ↑Bax82 

flavones apigenin Hep3B liver cancer cells 
HeLa cervical cancer cells 

↓ VEGF expression11; 
G1 cell cycle arrest; ↑ apoptosis73 

luteolin JB6 P+ mouse epidermal cells 
 
SKH-1 hairless mouse  

↓ Nf-κB, ↓ Src kinase, ↓ PKCε, 
↓ COX-241 
↓ UVB induced skin cancer41 

flavanones naringenin ddY mice implanted with S-180 
Sarcoma 

↓ tumor growth9 

eriodictyol JB6 Cl41 cells ↓ RSK2; ↓ EGF-induced cell 
transformation75 

flavonols kaempferol  A549 lung cancer cells ↓ proliferation; ↑ apoptosis via MEK-
MAPK83 

quercetin  HCC1937 breast cancer cells ↓ proliferation; ↓ PI3K-Akt/PKB 
pathway84 

 taxifolin HCT116 colon cancer cells ↑ detoxifying enzymes by activating 
antioxidant response element85 

flavan-3-ols catechin PANC-1 pancreatic cancer cells 
MIAPACA pancreatic cancer cells 

↑ apoptosis86 
↑ apoptosis86 

stilbenes trans-resveratrol F344 rats 
C57BL/6NIA mice 
HCT116 colon cancer cells 

↓ HMACF80 
↓ IGF-1; ↓ insulin87 
↑ apoptosis; ↑ caspases 2,9,8, & 381 

aSuperscripted numbers indicate references. 

 

 Collectively, this data demonstrates that the sorghum plant contains a wide variety of 

phenolic compounds including phenolic acids, a myriad of flavonoids and stilbenoids. These 
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compounds are widely distributed throughout the plant with a wide range in content, which is 

dependent on the component and variety under investigation. These compounds, in isolation and 

as part of complex bioactive extracts, have demonstrated anticancer and antiinflammatory 

bioactivities in multiple in vitro and in vivo models. 

1.2.3 Anticancer Mechanisms of Bioactive Compounds 

 There is a growing literature reporting the anticancer activity associated with sweet 

sorghum and related bioactive compounds. For example 3-deoxyanthocyanidin rich extracts 

were reported to induce phase II detoxifying enzymes4, apigeninidin and luteolinidin suppressed 

proliferation10, and yet other compounds induced apoptosis or favorably altered some host genes 

to elicit health-promoting responses, disfavoring cancer survival. There are multiple review 

articles in the literature addressing this enigma related to anticancer mechanisms of bioactive 

compounds. Although it would be out of the scope of this literature review to go in depth into all 

known altered pathways related to the effects of bioactive compounds on inflammation, 

proliferation, apoptosis, angiogenesis, metastasis, etc., it warrants sufficient discussion on the 

topic of the fundamental molecular mechanisms of bioactive compounds responsible for the 

multiplicity of observed effects they elicit. 

 Reactive oxygen species (ROS), such as oxygen radicals (e.g. superoxide) or non-radical 

oxygen compounds (e.g. hydrogen peroxide), which are easily converted into radicals, are highly 

reactive and promote oxidative stress88,89.  ROS and other reactive species are a natural 

consequence of aerobic metabolism and are typically buffered by inherent enzymatic and non-

enzymatic cellular antioxidant systems (e.g. antioxidant vitamins, catalase, superoxide 

dismutase, etc)90. When natural oxidative stress defenses are overwhelmed, reactive species can 

damage the DNA, proteins and lipids implicated in many chronic disease states89,90. This is 
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collectively referred to as oxidative stress. Oxidative stress is directly involved in the initiation, 

promotion and progression stages of carcinogenesis through direct DNA damage, altered gene 

expression and signaling pathways88. In this way, bioactive compounds, acting as direct 

antioxidants, can interfere with all three of these steps in carcinogenesis.  Furthermore, oxidative 

stress incites inflammatory processes through activating proinflammatory transcription factors 

(e.g. NF-κB, AP-1, HIF-1α, PPAR-γ, Nrf2, etc)88. This altered inflammatory/oxidative stress axis 

also promotes cancer through increasing radio-resistance, chemo-resistance, cellular 

proliferation, angiogenesis, and metastasis, and by decreasing apoptosis88. Intriguingly, bioactive 

compounds have demonstrated numerous antiinflammatory responses involving multiple 

pathways. For example, resveratrol was shown to decrease lipopolysaccharide induced NF-κB 

activation in colorectal cancer cells91. Apigenin has been reported to inhibit NF-κB, COX-2, 

VEGF, and HIF1α34. Grapefruit bioactive compounds were shown to inhibit iNOS and COX-2 

expression in the rodent azoxymethane-induced colorectal cancer model40. 

 Oxidative stress is also associated with key cancer-related pathways regulating cellular 

proliferation, apoptosis and metastasis. Generation of ROS is often observed in cells undergoing 

apoptosis caused by anticancer agents and may be a common mediator of apoptosis across a 

wide range of proapoptotic agents92. Oxidative damage can act as a direct trigger of apoptosis 

and cell cycle arrest by damaging DNA and stabilizing p5392. This can induce cell cycle arrest 

through p53 induced p21 expression, and subsequently apoptosis when DNA is beyond repair92. 

Beyond DNA damage, ROS has been shown to regulate major cell signaling pathways including 

MAPK pathway, which lead to the activation of redox sensitive transcription factors NF-κB and 

activator protein-193. Furthermore, oxidative stress directly alters and inhibits the phosphatase 

catalytic site of PTEN, causing an increase in IP3 levels and thus promotes Akt signaling94. 
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Interestingly, there are many examples in the literature of bioactive compounds influencing 

redox sensitive cancer pathways. For example, quercetin inhibited breast cancer cell proliferation 

through suppressed Akt in cells with and without PTEN knockout84. Resveratrol and mulberry 

fruit induced apoptosis in a HT-29 and A172 cancer cells via ROS-dependent mitochondria 

pathways, respectively95,96. Curcumin caused G2/M cycle arrest and apoptosis in lung cancer 

cells due to in part by DNA damage inducing p53 stabilization97. 

 Ironically, the anticancer activity of bioactive compounds hinge on this balance between 

ROS and antioxidant defense. For example, quercetin, at lower concentrations (1-40 µM) may 

prevent cancer initiation by acting directly as an antioxidant neutralizing ROS and other radicals 

and inhibiting DNA damage98. However, after tumor formation quercetin and similar compounds 

continue to have beneficial effects at higher concentrations (>40 µM for quercetin)98. At these 

concentrations, bioactive compounds, such as quercetin, elevate ROS to levels that signal 

apoptotic responses via DNA damage stabilization of p5398. However, many cancers circumvent 

this protective mechanism by inactivating p5322,99. This might imply that quercetin and similar 

compounds are unsafe to non-cancerous cells at such levels. However, numerous accounts report 

that bioactive compounds are selective and generally induce cytotoxic effects only in cancerous 

cells100–103. This is disquieting nonetheless, as it would be easy to imagine scenarios where such 

mechanisms might fail. For example, the generation of excess ROS in normal cells would 

contribute to genetic mutations. Alternatively bioactives, by acting as an antioxidant in cancerous 

cells to suppress ROS, would prevent the induction of important tumor suppressors, such as p53. 

This may be the case as to why clinical trials utilizing single bioactive agents fail to produce 

consistent results27,104. Furthermore, it was recently shown that single antioxidant compounds 

accelerated lung cancer progression via ROS-p53 axis disruption, supporting this notion105.  
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 Given this dichotomy of antioxidant/prooxidant and tumor-promoting/tumor-initiating 

responses, it may be that another main influence of bioactive compounds are through additional 

molecular mechanisms responsible for their preventive and protective effects. In addition to 

prooxidant and antioxidant mechanisms of individual or multiple compounds, recent evidence 

suggests that multiple compounds act synergistically/additively to directly interact with proteins 

of interest, altering cellular responses. For example, resveratrol was shown to directly inhibit 

COX-2 in cell and non-cell based assays106. Quercetin and myrecitin were shown to dock with 

the opening of allosteric inhibitory pocket of MEK1107. In fact, quercetin was shown to out-

perform the MEK1 inhibitor PD098059107. Ultraviolet B light (UVB) promotes skin cancer 

partly by inducing COX-2 expression through Fyn kinase108. Caffeic acid was reported to inhibit 

UVB-induced skin carcinogenesis by direct inhibiting Fyn kinase activity108.  

These and similar studies point to anticancer mechanisms by which bioactive compounds 

directly modulate cell signaling pathways through physical interactions with proteins. This may 

partly explain why simple changes to biochemical structures (hydroxylation, methylation, etc) 

have been reported to alter the bioactivity of structurally related compounds. For example, B-

ring substation patterns were shown to change depending on location and number of hydroxyl 

and methoxyl groups109. If direct interaction with proteins is a major anticancer mechanism of 

bioactive compounds, then it is conceivable that these compounds can influence, to some degree, 

every aspect of the Hallmarks of Cancer as described by Hanahan and Weinberg64 through 

interactions with cell signaling circuitry, transcription factors controlling gene expression, 

cellular metabolism, as well as replication, transduction, and translation machinery. It may also 

explain, why in many cases single compounds do not elicit response in the complex 

heterogeneous tumor environment, as multiple pathways related to apoptosis, cell cycle, 
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inflammation, metabolism, etc. are unfavorably altered and would require multiple compounds 

disrupting multiple pathways to elicit an anticancer effect observable at a phenotypic level.  

When taken together, the evidence presented points to a highly complex and 

sophisticated means by which multiple bioactive compounds elicit anticancer responses. 

Furthermore, these responses may not be mutually exclusive and depend on the presence of 

multiple compounds (similar to what is found in fruits and vegetables) before the full scope of 

anticancer effects are observed. These effects are multi-layered and most probably involve 

multiple mechanisms, including antioxidant effects, prooxidant effects, antiinflammatory effects, 

direct protein interactions, and other yet defined mechanisms. 

1.2.4  Colorectal Cancer and Natural Chemoprevention and Chemotherapy. 

1.2.4.1 The Colon and Colorectal Cancer. 

 The colon is the terminal segment of the gastrointestinal tract, measuring 1.0 to 1.5 m in 

length110. Depicted in Figure 7, the colon starts at the cecum, following the periphery of the 

peritoneal cavity ending at the rectum, which extends into the pelvis terminating at the anal 

canal110. The colon can be divided into left and right colon and further subdivided into ascending 

colon forming the right colon, and the transverse and descending colon, which together forms the 

left colon110. The basic functions of the colon are to transport digested matter, absorb water, 

minerals and some vitamins, and provide conditions for bacterial fermentation110. When 

observing a cross section of the colon, one sees the serosa, the circular and longitudinal muscle 

layers, the submucosa, the muscularis mucosae, and the mucosa111. The latter is formed by 

lamina propria, which contains ~80% of the antibody secreting cells of the body, and the crypts 

of the colon, which is lined by colonic epithelial cells110. 
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 At the base of the colon crypt (depicted in Figure 8) lies a population of 4 - 6 stem 

cells112. Upon signal, the colon stem cell, residing at the base of the crypt, divides 

asymmetrically, giving rise to one progenitor cell and one stem cell112. The progenitor cell moves 

up the crypt toward the lumen of the colon and continues to divide for the next one third of the 

crypt, called the proliferation zone113. The progenitor cell then differentiates in the final one third 

of the crypt and is sloughed off into the lumen every 4-5 d112.  

 

 

Figure 7. Physiology of the large intestine. Adapted from111. 
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Figure 8. Organization of the colon crypt. Adapted from113. 

 Colorectal cancer is estimated to be the second most common cancer in females and third 

most common in males in the US20. Worldwide colorectal cancers impact one million people 

every year, resulting in over half a million cancer deaths114. Numerous epidemiological studies 

indicate an increase in the consumption of fruits and vegetables quantity and variety is associated 

with decreased incidence of cancer, cardiovascular disease, and stroke115–118. In accordance with 

this, it has been estimated that 80% of colorectal cancers can be attributed to dietary factors19. To 

understand the role between diet and colorectal cancer it is important to have a greater 

understanding of the carcinogenesis of cancer.  

 The process by which normal colonic epithelium progresses to colon cancer is multi-step, 

whereby cells accumulate successive genetic alterations, establish clones and gain a proliferative 

advantage22. The traditional pathway to colorectal cancer accounts for 70% to 85% of all cancers 

and starts with loss of APC function22, which results in accumulation of β-catenin and aberrant 

WNT/β-catenin. This aberrant β-catenin signaling occurs in almost all cases and drives colorectal 

carcinogenesis23,24. Loss of APC is then followed by mutation of K-ras, loss of 18q, and finally 
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loss of p53 via 17p loss22. p53 is responsible for cell cycle arrest and apoptosis25. Therefore, it 

prevents the build-up of mutated genomes and the advancement of cancer. p53 is abnormal in 

50% to 75% of all colorectal cancers, and this marks the transition from noninvasive to invasive 

disease22. Furthermore, loss of p53 disrupts normal tumor responses to conventional therapies, 

such as 5-Fluorouracil (5-FU), thus making it difficult to treat these advanced tumors with 

conventional therapies26. 5-FU induces p53 expression through inhibiting thymidylate synthase 

(TS) leading to decreased incorporation of TS metabolites into DNA and RNA26. This causes 

damage that, among other responses, causes apoptosis induced partly by p5326. In this regard, 5-

FU acts analogously to the prooxidant anticancer mechanism of bioactive compounds. However, 

bioactive compounds are often found in complex mixtures in nature27, and, unlike a single 

therapeutic agent, contain the ability to influence multiple cellular pathways. Mixtures such as 

green tea extract and grape seed extract with resveratrol have demonstrated anticancer activity 

that act in both p53-dependent and p53-independent mechanisms pointing, to the ability of these 

mixtures to influence multiple pathways28,29. These findings warrant further investigations into 

uncovering natural sources of potential chemotherapeutic and chemopreventive agents. 

1.2.4.2 Colorectal Cancer and the Stem Cell Hypothesis. 

Embryonic stem cells are cells of the inner cell mass of the blastocyte, an embryonic 

structure formed during early stages of embryogenesis119. Embryonic stem cells are defined by 

their ability for self-renewal and their ability to differentiate into any cell lineage, including adult 

stem cells, a feature known as totipotency or pluripotency120. Adult stem cells have limited 

differentiation power (multipotency), and these cells differentiate into cells of their respective 

organs120. These cells occur in numerous somatic tissues including liver, blood, brain, colon, 

mammary, etc. (Figure 9)121. Adult stem cells are spread throughout the body in small numbers 
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and are typically maintained in a specialized region called the stem cell niche (Figure 10)122. 

Niches are composed of specialized cells that provide an anchor, secrete regulator signals, and 

control the proliferative behavior of adult stem cells122.  

 

Figure 9. Examples of stem cells found in adult somatic tissues. Adapted from121. 

 

Figure 10. Stem cell niches in normal and cancerous conditions. Adapted from122. 



27 
 

Increased understanding in the biology of stem cells has influenced our understanding 

tumorigenesis121. The cancer stem cell theory suggests that at the heart of most tumors exist a 

small number of cancer stem cells that drive the proliferation, renewal, and metastasis of 

cancers121,122. Cancer stem cells are aberrant forms of stem cells that are characterized the ability 

to develop into any cell in the overall tumor population due to self-renewal, symmetric and 

asymmetric division, multipotency, and the proliferative ability to drive continued expansion of 

the population of malignant cells121. Interestingly, these are characteristics shared with normal 

stem cells121. However, in cancer, the stem cell has acquired mutations that allow for malignant 

growth that is independent of the stem cell niche (Figure 10), highlighting the importance of 

niche-related regulation of proliferation and differentiation122.  

Wnt refers to wingless, a term coined in its discovery in drosophila development123. Wnt 

signals bind to G-protein coupled receptors (Frizzled) and result in disruption of a multi-protein 

complex containing APC, Axin, GSK-3β and β-catenin124. Normally, APC facilitates the binding 

of GSK-3β to β-catenin, resulting in the phosphorylation and degradation of β-catenin124. Wnt 

signals therefore disrupt this complex allowing for the accumulation of cytosolic β-catenin, and 

subsequent translocation to the nucleus124. Here it associates with members of the TCF/LEF 

family of transcription factors thus activating specific Wnt targets125. Under physiological 

conditions, this signaling pathway plays a critical role in regulating stem cell and crypt 

homeostasis125. As previously mentioned, loss of APC is an early event in colorectal cancer and 

results in similar transactivation of Wnt targets. Furthermore, established colorectal cancers 

depend on Wnt signaling125. However, colorectal cancers with established APC mutations show 

heterogeneous staining patterns for nuclear β-catenin, lending support to the cancer stem cell 

hypothesis125. 
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 Interestingly, bioactive compounds have shown efficacy in positively altering Wnt 

signaling in cancer cells. For example, genistein, an isoflavones found in soy, was shown to 

inhibit Wnt signaling through increased expression of GSK-3β126. Genistein treatment increased 

binding of β-catenin to GSK-3β, resulting in its subsequent phosphorylation and degradation126. 

Curcumin, a bioactive compound found in turmeric, inhibited Wnt signals resulting in decreased 

breast tumorosphere formation126. Curcumin has also diminished β-catenin signaling in HCT116 

cells126. These and similar findings point to a larger role of dietary bioactive compounds in the 

prevention and treatment of colon cancer, and the lack of dietary bioactive compounds is 

possibly a major reason for the high percentage of colorectal cancers attributed to diet.  

1.2.4.3 Inflammation and Colorectal Cancer. 

 Although incidence and mortality is high, evidence suggests that a majority of colorectal 

cancers are promoted by lifestyle factors127. Obesity, a known risk factor for colorectal cancer 

and lifestyle-related condition, is characterized by elevated systemic levels of insulin and 

inflammation, which may act in concert to accelerate colorectal carcinogenesis36,127. Increased 

adiposity causes chronic systemic inflammation as a result from the recruitment of macrophages 

into the adipose tissue and decreased secretion of the antiinflammatory adipokine adiponectin127. 

Decreased levels of adiponectin results in a decrease in the expression of tumor suppressors like 

p53, and an increase in the levels of proinflammatory cytokines, which increases the levels of 

ROS, which induces the AMP-activated protein kinase signaling pathway127.  

 Inflammation and inflammatory conditions of the bowels have been strongly linked to 

colon cancer30–32. In all patients with inflammatory bowel disease (IBD), 20% will develop what 

is known as colitis-associated colorectal cancers33. These cancers are a subset of colorectal 

cancers associated with IBD with a similar carcinogenesis to that of sporadic colorectal 



29 
 

cancers33. Colorectal cancers not associated with IBD have increased inflammatory cytokine 

expression and immune cell infiltrates33. Inflammation promotes the production of reactive 

oxygen species, which cause DNA oxidative damage34, and this may be a source of somatic 

mutations promoting tumor progression. Furthermore, inflammatory signaling can be mitogenic, 

promoting the growth of pre-cancerous and cancerous cells34,35. Obesity is a condition associated 

with chronic inflammation and this may be important in the promotion of cancer. The prevalence 

of obesity is high and it is estimated that 20% of cancer cases are attributable to this chronic 

disease state37,38. 

 The use rodent models of high-fat diet induced obesity have been reported in numerous 

studies investigating metabolic disorders associated with obesity. These studies have revealed a 

predictable progression of metabolic disease, which starts with changes in gut microbiota, 

increased intestinal permeability, and metabolic endotoxemia128. Feeding a high-fat diet to mice 

has been revealed to increase lipopolysaccharide containing microbiota and serum LPS 

concentrations128. HFD feeding has also been shown to increase intestinal inflammation and 

promotes oxidative stress through increased TLR-4 signaling and NF-κB activation129,130. HFD 

was also associated with increases in colonic IL-6, an inflammatory cytokine, and this was 

associated with increases in the development of pre-cancerous lesions in azoxymethane injected 

mice131. Oxidative stress can cause genomic damage resulting in somatic mutations and this can 

contribute to carcinogenesis. It has been shown that bioactive compounds can attenuate high-fat 

diet induced inflammation, oxidative stress and colon carcinogenesis. For example, red wine 

polyphenols were shown to decrease DNA oxidative damage in animals fed high-fat diet130. 

Furthermore, this study investigated carcinogen-induced colon cancer in mice fed a high-fat diet 



30 
 

and reported a decrease in colon tumor formation and changes in inflammatory gene 

expression130.  

 There are many studies documenting the antiinflammatory properties of bioactive 

compounds. For example isothiocyanates and curcumin decreased NF-κB signaling39. Grapefruit 

bioactives suppressed COX-2 expression and colon carcinogenesis in an azoxymethane model of 

colorectal cancer40. Whole plant foods, such as berries, broccoli, and grape fruit, are reported to 

have beneficial properties for obesity-enhanced cancers (reviewed in36). These and similar 

findings suggests a protective antiinflammatory role for dietary bioactive compounds.  

1.3 Summary. 

It is now understood that cancer is a heterogeneous disease characterized by mutations of 

normal genes causing uncontrolled cell growth. Cancer stem cells are aberrant forms of normal 

adult stem cells120. Understanding the role of stem cells in carcinogenesis is providing new 

insights and opportunities in the targeted treatment and prevention of colon cancer120,132,133. 

Indeed, several studies investigating targeted removal of cancer stem cells through molecular 

targets have yielded promising results134–138. Recent research into the role of bioactive 

compounds in targeting this elite class of cancer cell is promising133.  

Research into the bioactive constituents of foods has revealed that plants contain a 

plethora of secondary metabolites. There are over 100,000 bioactive compounds in plants and are 

broadly classified by structure (e.g. phenolics, carotenoids, glucosinolates, etc.). These 

compounds interact with many molecular pathways in promoting health and preventing disease 

states in vitro and in vivo139. Bioactive compounds have demonstrated antioxidant, 

antiinflammatory, and anticancer activities across cell models, animal models, and, most 

importantly, human models18,140,141. Moreover, these compounds seem to have synergistic health 
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promoting effects when consumed in combinations or as whole foods27,142,143. This suggests that 

consuming whole foods and a variety of bioactive compounds are important for the prevention of 

diseases including cancer. Numerous studies investigating anticancer properties in disease 

models have elucidated that bioactive compounds interact with multiple molecular pathways 

influencing cell behavior.  

Sorghum bicolor, known simply as sorghum, is grown primarily for grain production in 

arid parts of the world due to its low water requirements. Sorghums have been reported to be rich 

in phenolics and antioxidants with bioactivity in numerous in vitro and in vivo models. This 

activity is not exclusive to the commonly consumed grain, but also true of the leaves, leaf and 

leaf sheath. In fact, the leaves and leaf sheaths have been used in traditional medicines for the 

treatment of diseases, including cancers. Much less is known about the in vitro and in vivo 

bioactivity the stalk of S. bicolor, nor is there much known with regards to sweet sorghum 

varieties of S. bicolor. Sweet sorghums are varieties of S. bicolor which concentrate sugars in the 

stalk and are grown for making sugars and syrups. Interest has grown in the use of sweet 

sorghum as a biofuel in the biorefinery approach to biofuel production. This generates large 

volumes of biomass, which may serve as reservoirs of human health–promoting bioactive 

compounds. Great Valley Energy LLC has patented technology for separating pith cells from the 

dermal layer of the stalk after separating the leaves and seed head. The main goal of this research 

is to investigate the in vitro and in vivo bioactivity in extracts from the stalk (pith and dermal 

layer) of different varieties of sweet sorghum against colon cancer cells and colon cancer stem 

cells. We also aim to investigate molecular mechanisms responsible for any observed activities 

and to identify phenolic bioactive compounds contained within these extracts. Given the 

predisposition of inflammatory conditions and dietary/lifestyle factors in the promotion of 
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colorectal cancer, we also aim to assess the in vivo antiinflammatory and antioxidant bioactivity 

of dermal extract in a murine high-fat diet induced obesity and inflammation model.
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CHAPTER 2: THE DERMAL LAYER OF SWEET SORGHUM (SORGHUM BICOLOR) 

STALK, A BYPRODUCT OF BIOFUEL PRODUCTION AND SOURCE OF UNIQUE 3-

DEOXYANTHOCYANIDINS, HAS MORE ANTIPROLIFERATIVE AND 

PROAPOPTOTIC ACTIVITY THAN PITH IN P53 VARIANTS OF HCT116 AND 

COLON CANCER STEM CELLS 

 

 

 

2.1  Overview. 

There is a growing interest in the utilization of sweet sorghum as a renewable resource for 

biofuels. During the biofuel production process, large quantities of biomass are generated 

creating a rich source of bioactive compounds. However, knowledge of sweet sorghum stalk is 

lacking. We measured phenolic content (Folin-Ciocalteu assay), antioxidant activity (2,2`-azino-

bis (3-ethylbenzothiazoline-6-sulfonic acid) assay) and phytochemical composition (LC-MS) in 

both pith and dermal layer of the stalk. We further tested the antiproliferative (5-bromo-2`- 

deoxyuridine assay) and proapoptotic (terminal deoxynucleotidyl transferase dUTP nick end 

labeling assay) activities of these extracts using HCT116 cells and colon cancer stem cells 

(CCSCs) with and without the tumor suppressor gene p53. For the first time, we show that 

dermal layer extract of sweet sorghum contains more of the 3-deoxyanthocyanidins apigeninidin 

and luteolinidin than pith, and this was associated with more anticancer activity. Furthermore, 

luteolinidin suppressed CCSCs proliferation more than apigeninidin. In addition to being 

renewable biofuel, sweet sorghum may also serve as source of health-promoting compounds. 

Keywords: sweet sorghum, Sorghum bicolor, biorefinery, biofuel, total phenolics, antioxidants, 

LC−MS, proliferation, apoptosis 
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2.2 Introduction. 

Colorectal cancer is the third most common cancer in males and females in the United 

States20, and it has been estimated that 80% of colon cancer cases are caused by diet19. Evidence 

suggests that small molecule bioactive compounds confer the protective and preventive effects 

against chronic diseases, such as cancer, associated with a plant-based diet19. This recent 

understanding has increased the demand for natural sources of plant phytochemicals with 

chemopreventive and chemoprotective properties. In fact, there are multiple clinical trials 

investigating the preventive and therapeutic roles of curcumin, resveratrol, and n-3 

polyunsaturated fatty acids for colon cancer21. 

The progression from normal epithelium to colon cancer is a multistep process whereby a 

normal cell accumulates successive genetic alterations and establishes clones22. The tumor 

suppressor gene p53 is responsible for growth and apoptosis, therefore preventing the 

accumulation of mutated genomes and the progression of cancer144. In colorectal cancers, p53 is 

estimated to be abnormal in 50-75% of cases and marks the transition from preinvasive to 

invasive disease22. It is believed that colon cancer is a disease of aberrant stem cell populations, 

as stem cells have the ability to self-renew for many generations, making them long-lived 

enough to acquire the mutations necessary to manifest the disease145. Cancer stem cells are 

known to be chemotherapy- and radiation-resistant, making them resilient to current standard of 

care therapies133, which often reduce the tumor mass but do not eradicate the disease. Therefore, 

for a treatment to be considered effective against colon cancer, it needs to not only show efficacy 

in colon cancer cells, representing the bulk of the tumor mass, but also against the cancer stem 

cells and cells with loss of p53. There is already in vitro and in vivo evidence supporting the 

efficacy of small molecule bioactive compounds in the selective removal of colon cancer stem 
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cells and cells with abnormal p53. Lin et al. demonstrated that curcumin and a curcumin 

analogue successfully targeted stem cells derived from colon cancer cell lines in vitro137. We 

have previously shown that combination of grape seed extract with resveratrol resulted in p53-

dependent and -independent apoptosis of colon cancer HCT116 cells29. 

Worldwide, sorghum is the fifth most cultivated cereal crop, after rice, wheat, corn, and 

barley1. Sweet sorghums are varieties of Sorghum bicolor which concentrate simple sugars in the 

pith cells of the stalk ranging from 10% to 25%, with glucose and fructose as the main reducing 

sugars12. As a result, they have smaller grain yield and thicker taller stalks when compared to 

grain sorghums12. There is a growing interest worldwide in using sweet sorghum as a 

replacement crop for sugar cane in the production of biofuels. Advantages of sweet sorghum 

over cane sugar include reduced water requirements, shorter growing periods, and reduced 

cultivation cost1. Sweet sorghum can grow in marginal lands and therefore does not have to 

compete with food production1,13.  

Biofuel production of sweet sorghum results in the generation of a large amount of 

biomass2 comprised of stalks, leaves, and leaf sheaths, which is commonly treated as waste or 

utilized as a fodder. In addition, these products, particularly the leaves and leaf sheaths, have 

been used by traditional healers in Africa and India for anemia, epilepsy, stomach ache, and, 

interestingly, cancer.3 Having been reported to be high in phenolic acids and other compounds,44 

it has been shown that sorghums contains high levels of small molecule bioactive compounds in 

the stalk, leaf, leaf sheath, glumes and seed4,5,7,70 with reported bioactive properties62,67,82. 

Apigeninidin and luteolinidin belong to the 3-deoxyanthocyanidin subclass of flavonoids (Figure 

11) and are reported to be expressed in the glume, grain, leaf and leaf sheath4,5,70, in S. bicolor. 
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Furthermore, these compounds have been shown to be potent inhibitors of the HT-29 colon 

cancer cell line8. 

 

Figure 11: Structures of 3-deoxyanthocyanidins reported in this study10. 

This combination of biomass and bioactive compounds makes an attractive combination 

for generating large quantities of bioactive compounds for human health. In a process developed 

by Great Valley Energy LLC, processing of sweet sorghum strips the inner sugary cells of the 

pith from the outer dermal layer resulting in two fractions, the pith and dermal layer. Currently, it 

is unknown if these fractions contain 3-deoxyanthocyanidins, or the contribution of these 

compounds to its bioactivity. The pith is then further processed into biofuel while the dermal 

layer can be processed to make other byproducts in a “biorefinery” approach to making biofuels. 

In this approach, the entire above ground sweet sorghum plant is utilized in creating products, 

which adds value to the process reducing the costs of generating biofuels.15 The aims of this 

paper are to (1) determine the content and composition of the pith and dermal layer from Dale 

and M81E varieties, (2) characterize the antiproliferative and proapoptotic activities of these 

extracts in human colon cancer HCT116 cells and colon cancer stem cells, (3) assess the 

bioactivity of apigeninidin and luteolinidin, (4) determine if p53, a critical tumor suppressor 

protein, is necessary for in vitro anticancer activity.  
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2.3 Materials and Methods. 

2.3.1 Chemicals and Reagents. 

 For quantification of total phenolic and antioxidant activity: Sodium bicarbonate, 

monobasic sodium phosphate, dibasic sodium phosphate, and sodium chloride were purchased 

from Fisher Scientific (Pittsburgh, PA); potassium persulfate was purchased from Mallinckrodt 

chemicals (Hazelwood, MO); 2,2`-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) reagent, 

Folin-Ciocalteu reagent, Trolox, and gallic acid were purchased from Sigma (St. Louis, MO).  

For cell culture and experiments, 5-fluorouracil (5-FU) was purchased from Sigma (St. 

Louis, MO). Apigeninidin and luteolinidin were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA) and Indofine Chemical Company (Hillsborough, NJ), respectively. McCoy’s 

media and colon cancer stem cell media were obtained from Sigma (St. Louis, MO) and 

Celprogen (San Pedro, CA), respectively, and fetal bovine serum and streptomycin/penicillin 

mixture were procured from Fisher Scientific (Pittsburgh, PA). 

2.3.2 Sweet Sorghum Materials and Extraction Preparation. 

 Sweet sorghum materials from Dale and M81E varieties used in this study were grown in 

Bakersfield, CA, and generously provided by Great Valley Energy LLC (Bakersfield, CA). Two 

extraction solvents were utilized for the study. Acetone (80%) was identified in the literature and 

empirically as a superior extraction solvent for sweet sorghum dermal and pith layers. Ethanol 

(80%) was used as a GRAS alternative. Fresh sweet sorghum sample (2 g) was extracted with 20 

mL of extraction solvent chilled to -20 °C. This was to prevent excessive heating during the 

homogenization of sample. This mixture was then homogenized for 2 min using an IKA T25 

digital ultra TURRAX at 10 000 rpm. The tubes were then vortexed and the resulting mixture 

was then centrifuged at 4000 rpm for 5 min. The supernatant was filtered using a 0.45 µm PTFE 
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syringe filter (Tisch Scientific; North Bend, OH). The resulting pellet was then resuspended in 

20 mL of extraction solvent by vortexing for 1 min and centrifuged, and supernatant was 

collected and filtered. This was repeated for a third round of extraction, after which the filtrates 

were combined and the final volume was made to 100 mL. The phenolic extracts were then 

stored at -20 °C until analyzed for total phenolics, antioxidant activity and LC-MS. 

Phenolic enriched extracts were prepared by extracting 2 g of sample in 20 mL of 

extraction solvent chilled to -20 °C. This mixture was homogenized for 2 min with an IKA T25 

Digital Ultra TURRAX set to 10 000 rpm. The homogenate was then placed on a reciprocal 

shaker overnight in the dark at 4 °C to allow for diffusion of phenolics to create an enriched 

extract. The mixture was then centrifuged and the supernatant was filtered with 0.45 µm PTFE 

filters (Tisch Scientific). Extracts prepared with 80% acetone were dried in a Buchi rotavapor 

(Flawil, Switzerland) to remove the acetone. The aqueous portion was then lyophilized, which 

yielded a brown powder. This was re-dissolved in 80% ethanol, aliquoted and stored at -80 °C. 

Extracts prepared with 80% ethanol were concentrated under nitrogen flow in a 35 °C water bath 

for 10 h. Extracts were then aliquoted and stored at -80 °C.  

2.3.3  Quantification of Dry Matter, Total Phenolics and Antioxidant Activity. 

 Dry matter quantification was determined by freeze drying 2 g samples in triplicate and 

measuring changes in weight due to water loss. Results were expressed as percent dry matter. 

For quantification of total phenolics, the Folin-Ciocalteu assay was used as described in 

Singleton’s work52 with minor modifications. In triplicate, 35 µL of extract, standard, or solvent 

was added to individual wells of a 96-well plate followed by the addition of 150 µL of 1 N Folin-

Ciocalteu reagent. The contents were mixed and allowed to react for 5 min under dark 

conditions. After 5 min, 115 µL of 7.5% sodium bicarbonate was added, and the contents were 
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mixed and incubated in the dark at 45 °C for 30 min. The plate was then cooled for 1 h in the 

dark at room temperature. Finally, the absorbance was measured at 765 nm with a Biotek 

Synergy 2 plate reader (Winooski, VT). Gallic acid was used as a standard, and equivalency was 

calculated from a linear regression of standard concentrations. Data are reported as mean 

milligram gallic acid equivalents per gram of sweet sorghum sample (mg GAE/g) ± standard 

error.  

Antioxidant activity was measured by the ABTS assay as previously described6,146 with 

minor modifications. In brief, 3 mM ABTS radical and 8 mM potassium persulfate were mixed 

and reacted for at least 12 h at room temperature in the dark. Then this solution was mixed 1:30 

with pH 7.4 phosphate buffer to create a working ABTS solution. In triplicate, 290 µL of the 

working solution was added to 10 µL of sample, standard, or solvent in a 96-well plate. This was 

allowed to react for 30 min at room temperature under dark conditions, after which the 

absorbance was measured at 734 nm using the aforementioned plate reader. The antioxidant 

activity is expressed as mean (n = 3) milligram Trolox equivalents per gram of sweet sorghum 

sample (mg TE/g) ± standard error.  

2.3.4 LC-MS Analysis. 

For LC-MS analysis, ethanolic extracts prepared from the pith and dermal of Dale variety 

were concentrated 10-fold before one µL of sample was injected into a Waters Acquity UPLC 

system fitted with a Waters Acquity UPLCT3 column (1.8 µM, 1.0 X 100 mm). The sample was 

injected in 100% solvent A (water, 0.1% formic acid) and this was held for 1 min. This was 

followed by a 12 min linear gradient to 95% solvent B (acetonitrile, 0.1% formic acid). The flow 

rate was held constant at 200 µL/min for the complete run. The column temperature was 50 °C 

and samples were held at 5 °C. 
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Eluent from the UPLC was infused into a Waters Xevo G2 Q-Tof MS instrument fitted 

with an electrospray source. Data were collected in the positive ion mode, scanning from 50 to 

1,200 at a rate of 0.2 s per scan, alternating between MS and MSE mode. The collision energy 

was set to 6 V for MS and 15-30 V for MSE mode. The capillary voltage was set to 2 200 V, the 

source temperature was 150 °C, the desolvation temperature was 350 °C, and the desolvation gas 

flow rate was 800 L/h of nitrogen. Waters raw data files were converted to .cdf format using 

Databridge software (Waters), and feature detection was performed using XCMS. Raw peaks 

were normalized to total ion signal in R. The UPLC-MS system was quality checked by making 

five injections of a standard solution containing 2 µg/mL each of caffeine, reserpine, 

sulfadimethoxine, and terfenadine in 50% methanol. The performance is evaluated using the 

final three injections, and acceptable performance is indicates by a retention time +/- 0.05 

minutes, peak area RSD of < 25%, and mass accuracy of < 3ppm error for all four compounds. 

Calibration was performed prior to analysis via sodium formate, with mass accuracy within 1 

ppm. Compounds were identified by comparing MS spectra obtained from LC-MS analysis to 

NIST, METLIN and MassBank databases using 10 ppm as the upper limit for accuracy. In cases 

where spectra were not obtainable, accurate mass was used to identify compounds. 

2.3.5 Cell Lines and Culturing Procedures. 

HCT116 and HCT116 p53-/- cells were generously provided by Dr. Bert Vogelstein 

(School of Medicine, Johns Hopkins University, Baltimore, MD). Colon cancer stem cells 

(CCSCs) positive for CD34, CD 44 and CD133 were purchased from Celprogen. All cells were 

maintained at a temperature of 37 °C and 5% CO2. HCT116 cells were maintained in McCoy’s 

media with 5% FBS. For experiments, HCT116 cells were treated in 10% charcoal stripped 

serum McCoy’s media. CCSCs were maintained in colon cancer stem cell media (Celprogen). 
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For experiments, CCSCs were treated in serum free colon cancer stem cell media (Celprogen). 

Concentrated extracts were dosed in media normalized to total phenolics content as assessed by 

Folin-Ciocalteu assay. We used 80% ethanol and 5-FU as negative and positive controls, 

respectively.  

2.3.6 Lentiviral shRNA Mediated Knockdown of p53 in CCSCs. 

CCSCs were transfected with lentiviral particles encoding shRNA targeting p53 (Santa 

Cruz Biotechnology Inc. Santa Cruz, CA) according to the supplier’s protocol. Briefly, CCSCs 

were infected at a multiplicity of infection of 10 in CCSCs growth medium containing 5 μg/mL 

of polybrene at 37 °C and 5% CO2. After 24 hours, media was replaced and the cells were 

cultured for 2 d. Transfected cells were then selected in the presence of puromycin (7.5 μg/mL) 

for an additional 5 d, and p53 suppression confirmed by Western blotting (Figure 12). 

 
Figure 12. p53 expression in CCSCs with and without p53 shRNA. 

 

2.3.7 Proliferation and Apoptosis. 

 Cell proliferation was assessed via 5-bromo-2`- deoxyuridine (BrdU) assay (Cell 

Signaling Technologies; Beverly, MA) and cell counting using an automated cell counter 

(Nexcelom Bioscience, Lawrence, MA). Briefly, HCT116 cells and CCSCs were grown in 96-

well plates at 2 X 104 cells per well. After 24 h, the media was aspirated, and the cells were 

treated with controls and sweet sorghum extracts. The treatments were added in triplicate at the 

volume of 150 µl per well and then allowed to incubate for 20 h at 37 °C. At this point, BrdU 

was added at a concentration of 10 µM per well and incubated at 37 °C for an additional 4 h to 

allow incorporation of BrdU into cellular DNA (24 h total). The media was removed and the 
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BrdU assay was performed according to manufacturer’s protocol. For cell counting, cells were 

seeded at 1 X 105 cells per well in 12-well plates. After 24 h, control compounds and sweet 

sorghum extracts were added at a volume of 1 mL per well. After 24 h, cells were removed from 

plates and cells counted according to manufacturer’s protocol.  

Apoptosis was analyzed by measuring active caspase activity with a Caspase-Glo 3/7 

assay kit (Promega Corp.; Madison, WI) and confirmed with the terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) method. For measuring caspase activity, cells were 

seeded and treated with control compounds and test extracts the same as in the cell counting 

experiments. After 24 h of incubation, 100 µL of HCT116 cells and CCSCs were transferred into 

a white 96-well plate and the Caspase-Glo 3/7 assay was performed according to the company’s 

protocol. The data was normalized to cell count and expressed as percent of the solvent control. 

For TUNEL, cells were seeded into 4 well chambered glass slides at a density of 1 X 105 cells 

per chamber. After treatments, the slides were prepared and analyzed for TUNEL staining 

according to manufacturer’s protocols (Roche Diagnostics; Indianapolis, IN). For analysis, 10 

images from each well containing were taken containing at least 50 cells per image. Cells were 

counted and data expressed as the percentage of TUNEL positive cells to total cells (percent 

apoptosis). 

2.3.8  Colony Formation Assay. 

 The colony formation assay was performed as described147 with slight modifications. 

Colon cancer stem cells were seeded at 1.5 X 105 cells per well in a six-well tissue culture plate 

(TPP; St Louis, MO). After adhesion (24 h), the cells were treated with controls and test 

compounds for 24 h. The cells were then replated at a density of 100 cells per well in another 

six-well tissue culture plate and colony formation was measured as described148.  
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2.3.9 Statistical Analysis. 

 Data are presented as means ± standard error. Statistical significance was determined by 

one way ANOVA, followed by the post-hoc Fisher least significant difference test for multiple 

means comparisons using IBM’s SPSS v21. Means not sharing the same letter were statistically 

significant (P < 0.05).  

2.4 Results and Discussion. 

Sweet sorghum processing generates significant amounts of biomass containing bioactive 

phytochemicals and represents a promising source of human health-promoting bioactive 

compounds. In this study, the dermal and pith of two varieties of sweet sorghum were grown, 

processed, and analyzed for total phenolics and antioxidant activity. The effects of sweet 

sorghum pith and dermal layer extracts on colon cancer stem cell proliferation, apoptosis, and 

stemness were also studied. For cell based experiments, cells were dosed with sweet sorghum 

phenolic rich extracts based on microgram gallic acid equivalents per milliliter media (µg 

GAE/mL), which was determined by the Folin-Ciocalteu assay.  

2.4.1 Dry Matter, Total Phenolics, Antioxidant Activity, and LC-MS Analysis. 

 For dry matter content, we observed similar levels of dry matter of pith and dermal 

samples across both Dale and M81E varieties. The dry matter content is summarized in Table 7. 

The dry matter of Pith from Dale and M81E was 22%. The dry matter content of dermal layer 

was 39% and 42% for Dale and M81E, respectively (Table 7). These findings are in agreement 

with previously published data reporting dry matter content for pith of sweet sorghum stalks to 

contain 30% dry matter44, reflecting the high moisture content necessary to store and concentrate 

sugars. To the best of our knowledge, this is the first study reporting the difference between the 

moisture content in pith cells and dermal cells of sweet sorghum.  
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Table 7. Determination of TP, ABTS and dry matter of pith and dermal from Dale and M81E sweet 
sorghum varieties. 

 
 

 
Dale 

 

  
M81E

 
 dermal pith  dermal pith 

TPb 172 ± 6a 127 ± 5b  225 ± 11c 88 ± 3d 
ABTSc 570 ± 54a 248 ± 12b  365 ± 12c 128 ± 12d 
dry matter 39.0 ± 0.7a 21.6 ± 0.2b  42.2 ± 0.8c 21.5 ± 0.3b 

Values are presented as means (n = 3) ± standard error. Different online Roman letters within a row 
indicate significant differences (P < 0.05) among the entries. bTP, total phenolics analyzed by Folin-
Ciocalteu method, expressed as milligram of gallic acid equivalents per 100 g fresh mass. 
cantioxidant activity as analyzed by ABTS assay, expressed as milligram Trolox Equivalents per 100g. 

 

We next sought to characterize the total phenolics and antioxidant activities of sweet 

sorghum stalk components. Acetone (80%) extracts were used to determine total phenolics and 

antioxidant activities of sorghum samples by Folin-Ciocalteu and ABTS, respectively (Table 7). 

The total phenolics content of the dermal layer was higher than that of pith in both varieties by 

35% and 155% in Dale and M81E, respectively. A similar relationship was also observed in the 

antioxidant activity. Amongst the two varieties, Dale dermal extracts yielded more Trolox 

equivalents, yet fewer gallic acid equivalents as assessed by ABTS and Folin-Ciocalteu assays, 

respectively (P < 0.05). When pith and dermal are combined there is no difference between the 

gallic acid equivalents of Dale and M81E, but there is significantly more Trolox equivalents. 

This could be a resultant of a difference in the compositions of phenolic, antioxidant, and other 

reducing substances contained in the two varieties. Reducing sugars such as sucrose, fructose 

and glucose are concentrated in the pith of sweet sorghum and contribute to total phenolics 

readings. Reducing sugars are known to be approximately twice as concentrated in the pith as in 

other components of the stalk44 and differences in reducing sugars could explain this 

discrepancy.  

We next sought to analyze bioactive compounds from the pith and dermal components of 

sweet sorghum stalk by LC-MS analysis. We were able to identify phenolic acids, flavonoids and 
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stilbenoids from the phenolic extracts of sweet sorghum pith and dermal layer, which are 

summarized in Table 8. These compounds have been identified previously in sorghum and have 

also been reported to have potent in vitro and in vivo anticancer activities. For example, we were 

able to identify luteolinidin and apigenidin, which have been previously reported in leaf sheaths 

and leaves of sorghum4,70. These compounds have been reported to have anticancer activities 

toward a number of cancer cell lines including liver, leukemia and colon8,10,82.   

Table 8. Compounds identified in sweet sorghum by LC-MS analysis. 

identity formulaa tR 
(min) 

obsd 
mass 

exact 
massb 

∆ppm intensity,d 
dermal 

intensity,d 
pith 

refe 

vanillic acid C8H8O4 2.79 169.050 169.0495 2 100.9 ± 3.8 68.2 ± 7.4 f 5 

p-coumaric 
acid 

C9H8O3 0.85 165.055 165.0546 2 534.9 ± 14.6 492.0 ± 23.8 5 

ferulic acid C10H10O4 3.12 195.067 195.0652 9 27.6 ± 1.8 14.3 ± 1.5 f 5 

caffeic acid C9H8O4 3.16 181.050 181.0495 2 152.4 ± 1.3 26.5 ± 4.5 f 5 

apigeninidin C15H11O4
+ 4.29 255.066 255.0660c 0 96.5 ± 20.2 7.9 ± 0.7 f 4,5,70 

luteolinidin C15H11O5
+ 5.97 271.061 271.0607c 2 151.4 ± 30.8 7.8 ± 2.0 f 4,5,70 

malvidin 3-O-
glucoside 

C23H25O12

+ 
4.76 493.134 493.1314c 3 168.6 ± 5.7 12.7 ± 1.4f 4 

apigenin C15H10O5 4.04 271.061 271.0607 3 71.2 ± 53.8 8.6 ± 1.2 5 

luteolin C15H10O6 5.48 287.056 287.0556 3 47.3 ± 54.2 4.6 ± 3.0 5,72 

trans-
resveratrol 

C14H12O3 8.48 229.087 229.0859 4 28.8 ± 3.3 37.6 ± 2.9 5 

luteoferol C15H14O6 4.26 291.087 291.0863 2 16.3 ± 0.8 6.4 ± 0.3*  
aFormulas are based on [M]. bExact masses are based on [M+H]+ unless otherwise indicated. cMass based on 
[M]. dNormalized peak intensities based on peak areas normalized to total ion signal in R. eReferences which 
have previously identified the compound listed. fSignificant differences (P < 0.05) observed among dermal and 
pith. 

 

Previous studies have identified primarily 2 major classes of bioactive phenolic 

compounds, phenolic acids and flavonoids, in sorghums and sweet sorghums. These 

investigations primarily focused on the grains or seed heads from grain sorghum for its relevance 

as a staple in human diets. Other investigations have focused on the leaf, leaf sheath, infected 

sorghum seedlings, and glume4,7,70,72, and these parts of the plants are pertinent to traditional 

medicine. These studies have identified multiple phenolic compounds with potent in vitro and in 

vivo activities. These include phenolic acids, anthocyanidins, and flavones. Few studies have 
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investigated sweet sorghum with respect to its bioactive content, especially the stalk components, 

pith and dermal. On the basis of these observations, we hypothesized that extracts from the sweet 

sorghum stalk components pith and dermal layer, containing multiple bioactives would suppress 

proliferation and induce apoptosis in colon cancer cells.  

2.4.2 Anticancer Activities of Sweet Sorghum Pith and Dermal Extracts. 

 Early in the pathogenesis of colorectal cancer, hyper-proliferation of colonocytes 

resulting from a deregulation of cellular proliferation and a suppression of apoptosis results in 

the formation of aberrant crypt foci and, subsequently, adenomas. Colon stem cells, residing in 

the base of the crypt, are responsible for renewing the colonic epithelium during one’s 

lifetime149. Furthermore, they are long-lived, self-renewing cells and have a high capacity for 

proliferation, a combination that makes them a likely candidate to acquire the mutations 

necessary to give rise to colon cancers122. Today’s therapies are ineffective at targeting cancer 

stem cells, only targeting the bulk of the rapidly dividing tumor cells145. Therefore, effective 

treatment strategies for colon cancer should suppress proliferation and induce apoptosis in the 

rapidly dividing tumor mass as well as the cancer stem cells. This would rid the tumor mass of 

the tumor promoting stem cells as well as remove the bulk of the tumor. We assessed the pith’s 

and dermal layer’s bioactivity by measuring (1) antiproliferative effects in colon cancer HCT116 

cells and CCSCs as evaluated by cell count and BrdU assay, (2) proapoptotic effects in HCT116 

cells and CCSCs cells as evaluated by activated caspase 3/7 activity and subsequently confirmed 

by TUNEL assay, and (3) self-renewal in CCSCs as analyzed by colony forming assay.  

2.4.3 Differential Activities of Pith and Dermal Extracts. 

 To investigate the differences in the anticancer effects between pith and dermal extracts, 

colon cancer HCT116 cells were treated with phenolic rich extracts prepared from Dale pith 80% 
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acetone extract (PAE) and Dale dermal 80% acetone extract (DAE) for 24 h as shown in Figure 

13. Extract from DAE suppressed cell proliferation more than PAE, as shown by cell count and 

BrdU assays. This may be due to higher levels of reducing sugars in the pith. At 25 µg GAE/mL, 

DAE suppressed cell count 43% compared to only an 11% reduction for PAE. IC50 values were 

calculated for PAE and DAE. The IC50 for PAE was calculated to be above 50 µg GAE/mL, 

while DAE was calculated to be 36 µg GAE/mL. DAE was also able to induce apoptosis at 

lower concentrations than pith as measured by caspase activity. At concentrations of 12.5, 25, 

and 50 µg GAE/mL, DAE was able to increase active caspase levels to 155%, 159%, and 184% 

to that of a solvent control, respectively. Only 50 µg GAE/mL of PAE was able to increase 

active caspases 3 and 7 in HCT116 cancer cells (169%, P < 0.05). These data implicated DAE as 

a more effective antiproliferative and proapoptotic extract than PAE, and therefore further 

experiments focused solely on extracts from the dermal layer of the Dale variety. These 

differences in bioactivities between the pith and dermal layer of the Dale variety stalk may be 

explained by the differences in their composition and content of bioactive compounds. These 

results are analogous to differences observed in the bioactivities of different parts of edible fruits. 

For example, only the ethanolic extracts from the peel of mango, but not the flesh, induced 

apoptosis in cervical cancer HeLa cells150. Interestingly, our LC-MS analysis of pith and dermal 

extracts showed marked and significant differences between extracts from dermal and pith 

(Table 8). For example, the ethanolic pith extract contained only 8% of the apigeninidin and 5% 

of the luteolinidin as compared to the levels of these compounds in the ethanolic dermal extract 

based on relative peak intensities. This may explain the increased potency observed in dermal 

extracts.  
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Figure 13. Antiproliferative proapoptotic activities of Dale dermal and pith phenolics measured 

by (A) cell count and (B) BrdU assay, and (C) Caspase 3/7 Glo assay. HCT116 cells were treated 

for 24 h with acetone extracts (DAE and PAE) at 10, 12.5, 25, and 50 µg GAE/mL before 

estimation of proliferation and apoptosis. Values are presented as percent of the solvent control. 

For cell count and Caspase 3/7 Glo, means (n = 2) ± standard deviation are presented. For BrdU, 

means (n = 3) ± standard error are presented. Different letters indicate significant differences (P < 

0.05) among treatments. Solvent = solvent control; and 5FU = 5-fluorouracil (18 µg/mL). 

 

2.4.4  Solvent-dependent Activities of Dermal Extracts. 

 Previous quantitative and in vitro experiments demonstrated that aqueous acetone makes 

a good extraction solvent for dermal phenolic compounds with antioxidant and anticancer 

activity. However, acetone is not an environmentally safe solvent for extraction of bioactive 

compounds, especially for extracts intended for human consumption. Turkmen and colleagues151 

tested the ability of different organic solvents with varying percentages of water to extract 

phenolics from mate and black tea. They found that while 100% ethanol was ineffective at 

extracting tea polyphenols, addition of 20% water increased polyphenol extraction by 

approximately 27 times when compared to 100% ethanol. Furthermore, 80% ethanol yielded 

approximately 60% of the phenolics as that of 80% acetone. On this basis, we hypothesized that 

ethanol, a GRAS organic solvent, with water could be used to extract phenolics from sweet 

sorghum dermal layer with similar effectiveness as aqueous acetone. Similar to Turkmen’s 

findings, 80% ethanol yielded approximately 84% compared to 80% acetone (data not shown). 
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We next tested the bioactivity of the phenolic rich dermal extract prepared from 80% ethanol 

(DEE) in HCT116 and compared it to DAE. As demonstrated by Figure 14, DEE had a superior 

IC50 value of 22 compared to the IC50 of 36 µg GAE/mL for DAE. Given the GRAS status of 

ethanol and the greater in vitro bioactivity against HCT116 cells, further experiments utilized 

DEE. We further tested DEE for proapoptotic activities by the Caspase 3/7 Glo assay and 

TUNEL assay. When compared to solvent control, DEE at all concentrations significantly 

increased apoptosis. Furthermore, this increase in apoptosis was more than the positive control 5-

FU, which was used in this study as a comparison of sweet sorghum extracts to a standard 

chemotherapeutic agent. Our findings highlight the important aspect of solvent selection when 

extracting and analyzing in vitro bioactivities of plant-based extracts.  

 

Figure 14. Dose-response curves for HCT116 cells. Cells were treated for 24 h with pith and 

dermal phenolic rich extracts prepared by extraction with either acetone (AE) or ethanol (EE). The 

response is based on cell proliferation as estimated by cell counting. Simple linear regression was 

used to estimate IC50 values. Values are presented as percentages of the solvent control (% Control) 

(y axis) at a specific dose of the respective phenolic-rich extract in micrograms of GAE per 

milliliter (µg GAE/mL) (x axis).  

 

2.4.5 DEE Effectively Eliminates Colon Cancer Stem Cells.  

 There is growing evidence that cancers arise from a small population of adult cancer stem 

cells. They are also resistant to many standard of care therapies (e.g. chemotherapy and 
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radiotherapy), and the inability to rid the body of these persistent cells is thought to be a primary 

cause of colon cancer recurrence133. There is a need for standardized bioactive compounds and 

extracts that can effectively eliminate these cells, as current anticancer drugs often fail133. We 

tested DEE against colon cancer stem cells and compared it to 5-FU, a common 

chemotherapeutic for the treatment of colon cancer. We treated colon cancer stem cells with 

DEE at 8.75, 17.5 and 35 µg GAE/mL, and 5-FU (18 µg/mL, 100 µM) for 24 h and measured 

proliferation, and apoptosis (Figure 15 and 16). DEE potently suppressed proliferation to73% of 

control, as measured by BrdU, and increased the percentage of TUNEL positive cells from 7% to 

95% of total cells (P < 0.05). Imaging of TUNEL stained cells (Figure 16C) shows increases in 

DNA fragmentation (increased fluorescence) and changes in cell morphology consistent with 

apoptosis. We further tested the antiproliferative activity of apigeninidin and luteolinidin against 

CCSCs with BrdU assay and IC50 were calculated as demonstrated in Figure 15C. Luteolinidin 

suppressed CCSC proliferation more than apigeninidin, as demonstrated by a lower IC50 value of 

76 µg/ml as compared to > 160 µg/mL. 

 
Figure 15. Antiproliferative activities of Dale dermal phenolics measured by (A) cell count, B) 

BrdU assay, and (C) Antiproliferative activities of apigeninidin (Api) and luteolinidin (Lut) 

measured by BrdU. Colon cancer stem cells (CCSCs) were treated for 24 h with dermal phenolic 

rich ethanol extracts of Dale variety (DEE) at 8.75, 17.5, and 35 µg GAE/mL before estimation of 

proliferation. Values are presented as percent of the solvent control (% Control). For cell count, 

means (n = 2) ± standard deviation are presented. For BrdU, means (n = 3) ± standard error are 

presented. Different letters indicate significant differences (P < 0.05). Solvent = solvent control; 

and 5FU = 5-fluorouracil (18 µg/mL). 
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Figure 16. Proapoptotic activities of Dale dermal phenolics measured by (A) Caspase 3/7 Glo 

assay, and (B) TUNEL assay. Colon cancer stem cells (CCSCs) and HCT116 cells were treated 

for 24 h with dermal phenolic rich ethanol extracts of Dale variety (DEE) at 8.75, 17.5, and 35 µg 

GAE/mL before being tested. Values are presented as mean (n = 2) percentages of the solvent 

control ± standard deviation. (C) Representative images of CCSCs from TUNEL assay. Different 

letters indicate significant differences (P < 0.05) among treatments. Solvent = solvent control; and 

5FU = 5-fluorouracil (18 µg/mL). 

 

To further assess DEE’s ability to target CCSC properties other than proliferation and 

apoptosis, the self-renewal capability of CCSCs’ self-renewal was measured by colony forming 

assay (Figure 17). We treated CCSCs with DEE and found a dose-dependent suppression in 

DEE 35 

 

        

 

             C 5-FU Solvent
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colony formation. Figure 17B shows representative images collected from the colony forming 

assay and demonstrates the decreased colony number and size associated with treatment in 

comparison to the control. At the highest concentration, DEE completely suppressed CCSC 

colony formation, and this activity was greater than that of 5-FU treatment. This demonstrates 

that, in addition to the antiproliferative and proapoptotic activities, DEE alters the stemlike 

properties by inhibiting colon cancer stem cell self-renewal than 5-FU.  

  

Figure 17. Effects of Dale dermal phenolics on colony formation. (A) Colon cancer stem cells 

(CCSCs) were treated for 24 h with dermal phenolic rich ethanol extracts of Dale variety (DEE) 

at 8.75, 17.5, and 35 µg GAE/mL before estimation of colony formation by colony forming assay. 

(B) Representative images taken from the colony forming assay. Values are presented as the mean 

(n = 3) number of colonies formed containing at least 50 cells ± standard error. Different letters 

indicate significant differences (P < 0.05) among treatments. Solvent = solvent control; and 5FU 

= 5-fluorouracil (18 µg/mL). 

 

There has been little research done on the in vitro anticancer activities of sorghum stalk, 

especially sweet sorghum, on cancer cells and advanced cancer stem cells. Research from Yang 

et al.8 demonstrated that grain extracts from pigmented grain sorghums contained high levels of 

3-deoxyanthocyanins and had strong antiproliferative activities in vitro against colon cancer HT-

29 cells. Furthermore, they tested the antiproliferative effects of individual 3-

deoxyanthocyanidins. They reported IC50 values ranging from 180 to 557 µg/mL for crude 

extracts and approximately 13 to 20 µg/mL values for 3-deoxyanthocyanidins. In agreement with 

Yang’s findings, we too have demonstrated that phenolic rich extract from the dermal layer of 
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sweet sorghum stalks contains 3-deoxyanthocyanidins and has potent antiproliferative and 

proapoptotic activities. The fact that dermal phenolic rich extract has activities in colon cancer 

cells and colon cancer stem cells highlights a need for further research of sweet sorghum’s 

anticancer activity in vivo for its potential as a chemotherapeutic agent against colon cancer.  

2.4.6  Effects of p53 on the Anticancer Activity of DEE. 

 The p53 tumor suppressor gene is an integral regulator of cell cycle control, DNA repair 

and apoptosis21. It is estimated that half of all tumors carry some form of mutated p5325. 

Effective preventive and therapeutic colon cancer strategies should successfully target p53-

dependent and -independent pathways. To test the p53-dependency of DEE’s anticancer activity, 

we treated HCT116 p53-/- cells carrying p53 deletions in both alleles of the p53 gene with DEE 

for 24 h and measured changes in proliferation and caspase activity (Figure 18). We observed no 

significant changes between HCT116 p53-/- cells treated with DEE and solvent controls in 

cellular proliferation as measured by the BrdU assay, indicating that DEE’s ability to suppress 

cellular proliferation is p53-dependent. However, we did observe a significant increase in active 

caspase activity at the highest dose of DEE. This indicates that DEE may act through p53-

independent pathways of apoptosis only at concentrations at and above 35 µg GAE/mL and this 

may also be true of DEE’s antiproliferative effects. 

We further tested p53-dependency in CCSCs by knocking down p53 expression with 

lentiviral infection containing p53 shRNA (CCSCs p53 shRNA). The shRNA is constitutively 

expressed due to the presence of a strong promoter binding to p53 mRNA preventing its 

translation. In this model of p53 knockdown, DEE suppressed proliferation up to 33% of control 

and elevated apoptosis of CCSCs p53 shRNA cells in a dose-dependent fashion as measured by  
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Figure 18. Antiproliferative and proapoptotic activities of Dale dermal phenolics in p53 variants 

of CCSCs and HCT116 cells measured in a p53-independent manner as measured by (A) BrdU 

assay, (B) Caspase 3/7 Glo assay, and (C) TUNEL assay. The antiproliferative effects of 

apigeninidin and luteolinidin were also measured by BrdU assay. Colon cancer stem cells (CCSCs) 

with p53 shRNA and HCT116 p53-/- cells were treated for 24 h with dermal phenolic rich ethanol 

extracts of Dale variety (DEE) at 8.75, 17.5, and 35 µg GAE/mL before being tested. For BrdU 

assay, values are presented as mean (n = 3) percentages of the solvent control ± standard error. For 

Caspase 3/7 Glo and TUNEL assays, values are presented as mean percentages (n = 2) of the 

solvent control ± standard deviation. Different letters indicate significant differences (P < 0.05) 

among treatments. Solvent = solvent control; and 5-FU = 5-fluorouracil (18 µg/mL). 

 

BrdU and TUNEL assays (Figure 18). We further tested the antiproliferative effects of 

apigeninidin and luteolinidin in CCSCs p53 shRNA cells with BrdU (Figure 18). We show 

thatoth of the 3-deoxyanthocyanidins suppress proliferation in p53 knockdown cells with IC50 

values of > 160 and 103 µg/mL for apigeninidin and luteolinidin, respectively. In agreement with 

previous results, the antiproliferative effects of luteolinidin surpassed that of apigeninidin. Our 

findings may be due to the slight variation in structure, as luteolinidin contains one extra 

hydroxyl group on the 3` carbon of the B-ring of the flavonoid structure, and has been shown to 



55 
 

have a 3-fold increase in antioxidant activity when compared to apigeninidin71. Our findings 

agree with Marko et al.,109 who reported increased activity of anthocyanidins with a higher 

degree of B-ring hydroxylation. 

In this study, we demonstrated differential activity observed between CCSCs and the 

early stage HCT116 cell lines. This differential activity is thought to be a result of the selective 

toxicity of complex bioactive extracts against cancer cells as compared to normal epithelial cells. 

Earlier staged and more differentiated cancer cell lines more resemble the normal differentiated 

epithelial cells than do more advanced cancer cell lines. This was demonstrated in work by 

Seeram et al.152 with total cranberry extract in four colon cancer cell types (SW480, SW620, 

HCT116 and HT29). SW480 and SW620 represent two cell lines from the same patient. The 

former representing the earlier staged primary tumor and the latter derived from a metastasis. 

Total cranberry extract showed 35% more antiproliferative activity against the advanced 

metastatic SW620 cell line when compared to SW480 cells. HCT116 and HT29 cells are both 

colon cancer cell lines representing early and late stage disease, respectively. Total cranberry 

extract showed greater proliferation inhibition activity in the advanced HT29 cell line when 

compared to HCT116 cells. These reports corroborate our findings that sweet sorghum extract 

was more efficacious against CCSCs as compared to HCT116 cells. While our results point to 

p53-independent activity, more work is needed to determine the mechanisms of DEE.  

In the present study, we have shown for the first time that the dermal layer of sweet 

sorghum is rich in total phenolics and antioxidants including 3-deoxyanthocyanidins with potent 

in vitro anticancer activity against colon cancer HCT116 cells and CCSCs. This activity was 

greater than that of pith and we believe this to be due to the different compositions of phenolics 

as illustrated in Table 8. Furthermore, we demonstrated that the ethanolic extract was more 
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potent in suppressing the proliferation of colon cancer cells highlighting the importance of 

solvent selection in developing natural based phenolic rich extracts. In addition to being a source 

of renewable biofuel, sweet sorghum may also serve as source of health-promoting compounds 

for the prevention and treatment of inflammatory diseases such as colon cancer. For this to be a 

reality, further research is needed to determine potential toxicities and the bioactivities of sweet 

sorghum dermal extracts in vivo. 
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CHAPTER 3: EXTRACTS FROM SWEET SORGHUM (SORGHUM BICOLOR), A 

FEEDSTOCK FOR BIOREFINING, SUPPRESSED PROLIFERATION AND 

ELEVATED APOPTOSIS IN HUMAN COLON CANCER STEM CELLS VIA 

SUPPRESSION OF WNT/Β-CATENIN SIGNALING PATHWAY 

 

 

 

3.1 Overview. 

 

 In colorectal cancer, p53 is commonly inactivated, associated with chemotherapy-

resistance, and marks the transition from non-invasive to invasive disease. Cancers, including 

colorectal cancer, are thought to be a disease of aberrant stem cell populations, as stem cells are 

able to self-renew, making them long-lived enough to acquire mutations necessary to manifest 

the disease. We have shown that extracts from sweet sorghum stalk components kill colon cancer 

stem cells (CCSCs) in a p53-independent fashion. However, the underlying mechanisms are 

unknown. In the present study, CCSCs were transfected with short hairpin-RNA against p53 

(CCSCs p53 shRNA) and treated with sweet sorghum phenolics extracted from different plant 

components (dermal layer, leaf, seed head and whole plant). While all components demonstrated 

antiproliferative and proapoptotic effects in CCSCs, phenolics extracted from the dermal layer 

and seed head effectively killed CCSCs by increasing effector caspase activity, PARP cleavage, 

and DNA fragmentation in a p53-dependent and partial p53-dependent fashion, respectively. 

Further investigations revealed the antiproliferative and proapoptotic effects were associated 

with decreases in β-catenin protein levels, and β-catenin targets Cyclin D1, cMyc, and Survivin. 

These results suggest that the antiproliferative and proapoptotic effects of sweet sorghum 

extracts in CCSCs work via decreasing β-catenin prosurvival signaling in a p53-dependent 

(dermal layer) and p53-independent (seed head) fashion.  

Keywords: Dale, M81E, proliferation, apoptosis, cMyc, cyclin D1, survivin, LC-MS 

 



58 
 

3.2 Introduction.  

Colorectal cancer is the third most common cancer in males and the second most 

common in females153, and up to 80% of colon cancer cases are thought to be caused by diet19. 

Recent evidence implicates that bioactive compounds (e.g. phenolic acids, flavonoids, 

stilbenoids, carotenoids) are responsible for imparting protective and preventive properties 

against chronic diseases19. This understanding has increased the demand for natural products 

meant to protect and prevent against diseases such as colorectal cancer.  

The process by which a normal epithelium progresses to colon cancer is multi-step, 

whereby normal cells accumulate successive genetic alterations and establish clones22. In 

colorectal cancers, aberrant WNT/β-catenin signaling occurs in almost all cases and drives 

carcinogenesis23,24. However, further genetic events must occur to fully develop disease 

malignancy24. The traditional pathway to colorectal cancer accounts for 70% to 85% of all 

cancers22. This pathway starts with loss or mutation of APC resulting in β-catenin accumulation, 

followed by mutation in K-ras, loss of 18q, and finally loss of p53 via loss of 17p22. p53 is 

responsible for cell growth and apoptosis, therefore it prevents the build-up of mutated genomes 

and the advancement of cancer. It is estimated that p53 is abnormal in 50% to 75% of colorectal 

cancer cases, and this marks the transition from noninvasive to invasive disease22. Disruption of 

p53 is known to alter tumor responses to 5-Fluorouracil based therapies making it more difficult 

to effectively eliminate colorectal tumors by conventional chemotherapies26. Situations such as 

these create a need for new therapies which can target these drug resistant tumors. 

β-catenin accumulation is understood to be an important driver in the carcinogenesis of 

colorectal cancers. It is present in both familial and sporadic forms of the disease. Excess β-

catenin accumulation promotes transcriptionally active p53154. In addition, active p53 results in 
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the degradation of β-catenin155. β-catenin is further regulated by GSK-3β, which phosphorylates 

β-catenin at the N-terminus of the protein156. Binding of APC and Axin to GSK-3β and β-catenin 

facilitates this event and results in the ubiquitination and degradation of β-catenin156. In the 

absence of such regulation, β-catenin accumulates in the cytosol and translocates to the nucleus 

where it interacts with members of the Tcf/Lef family of transcription factors resulting in 

transactivation of prosurvival target proteins, such as cMyc, Cyclin D1, and Survivin123. GSK-3β 

itself is regulated by several phosphorylation events, impacting its ability to control β-catenin 

levels. The phosphorylation of serine residues (e.g. S9) results in decreased GSK-3β activity, 

while phosphorylation of tyrosine residues (e.g. Y219) results in its activation157. 

Currently, it is believed that aberrant stem cell populations are the root cause of 

colorectal cancers, as stem cells are able to self-renew, making them long-lived enough to 

acquire mutations necessary to manifest the disease145. Interestingly, it has been shown that 

Wnt/β-catenin signaling defines colon cancer stem cells in the tumor situation125. Furthermore, 

they are known to be chemo- and radiation-resistant making it difficult to treat with current 

standard of care practices133, which often fail to fully eradicate the disease. It is imperative, 

therefore, that a cancer treatment show efficacy in the stem cell population and populations with 

aberrant β-catenin signaling and loss of p53. There is evidence for the efficacy of bioactive 

compounds in the selective removal of cancer stem cells and cancer cells with abnormal p53. 

Resveratrol was shown to inhibit prostate cancer stem-like cells by targeting fatty acid 

synthesis158. Curcumin and a curcumin analogue successfully targeted stem cells derived from 

colon cancer cell lines137. We have shown the combination of grape seed extract with resveratrol 

resulted in p53-dependent and p53-independent apoptosis in colon cancer HCT116 cells29. This 
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evidence warrants further investigation into the development of novel bioactive compound 

treatments for colorectal cancer.  

Sorghum is an important food source worldwide, placing fifth in cereal crop cultivation1. 

Sweet sorghums are varieties of Sorghum bicolor, which concentrate simple sugars in the stalks 

and have relatively smaller seed heads. They have been used traditionally for sugar and syrup 

production. Sweet sorghums has been identified as an ideal source for the sugars necessary for 

biofuel conversion. Sweet sorghum can be advantageous over cane sugar and corn because of 

reduced water requirements, shorter growing periods and reduced cultivation cost1. Sweet 

sorghum can grow in marginal lands, and therefore does not have to compete with land used for 

food production, as is the case with corn and sugar cane1,13. Sweet sorghum and other crops can 

be made more attractive for biofuel conversion when producers utilize the biorefinery approach. 

In this approach, the entire above ground portion of the plant is utilized in the creation of energy, 

reduction of waste streams, and production of value-added byproducts14,15, thereby reducing the 

costs associated with the generation of biofuels. Value-added by products could include 

bioactive extracts prepared for the purposes of human health.  

Our previous work on the bioactivity of sweet sorghum stalk components showed that dermal 

extracts were more potent in vitro against colon cancer stem cells, as compared to pith159. 

However, as the whole above ground portion of the plant will be available for the biorefinery 

approach, it is important to evaluate the bioactivity of extracts from different parts of the sweet 

sorghum plant in direct comparison with one another. Such information is currently understudied 

in sweet sorghums. In this study, the in vitro anticancer activities of pith, dermal, leaf and seed 

head from Dale and M81E sweet sorghum varieties harvested at four different stages during 

plant maturity were compared to understand the effects of time of harvest. Finally, the extent to 
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which sweet sorghum extract bioactivity is dependent on p53 status, and its capacity to suppress 

β-catenin and β-catenin’s downstream targets, cMyc, Survivin, and Cyclin D were investigated.  

3.3  Materials and Methods. 

3.3.1  Chemicals and Reagents. 

Sodium bicarbonate, monobasic sodium phosphate, dibasic sodium phosphate, and 

sodium chloride were purchased from Fisher Scientific (Pittsburgh, PA); potassium persulfate 

was purchased from Mallinckrodt chemicals (Hazelwood, MO); ABTS reagent, Folin-Ciocalteu 

reagent, Trolox, and gallic acid were purchased from Sigma (St. Louis, MO) for quantification of 

total phenolic and antioxidant activity.  

For cell culture experiments, 5-Fluorouracil (5-FU) was used as a positive control and 

procured from Sigma (St. Louis, MO); colon cancer stem cell media was obtained from 

Celprogen (San Pedro, CA). 

3.3.2 Sweet Sorghum Extraction. 

The sweet sorghum used in this study was generously provided by Great Valley Energy 

LLC (Bakersfield, CA). Dale and M81E were grown in Bakersfield, CA and harvested at 117, 

125, 138 and 152 d for dermal and 131, 145, 155, and 160 d for seed head. Later time points 

were chosen for seed head as maturation of this part of the plant occurs after stalk, based on 

sugar concentration. Samples included pith, dermal, leaf, seed head, and whole plant were 

mechanically separated and immediately frozen. Samples were shipped frozen overnight to Fort 

Collins, CO and then stored in -20 °C until needed. Two g of fresh sweet sorghum sample was 

extracted with 20 mL of 80% ethanol chilled to -20 °C to prevent excessive heating during the 

homogenization of sample. The mixture was then homogenized for 2 min using an IKA T25 

digital ultra TURRAX at 10 000 rpm. The extraction tubes were then vortexed for 1 min and the 
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resulting mixture was centrifuged at 4000 rpm for 5 min. The resulting pellet was then re-

extracted twice with 20 mL of extraction solvent. The filtrates were combined, filtered through 

0.45 micron hydrophilic PTFE syringe filters, and the final volume was made to 100 mL. 

Samples were then aliquoted and placed in -20 °C freezer until further analyzed. 

Phenolic enriched extracts were prepared by extracting two g sample in 20 mL of 80% 

ethanol chilled to -20 °C. Sample was homogenized with an IKA T25 Digital Ultra TURRAX set 

to 10 000 rpm for 2 min. The slurry was then mixed overnight on a reciprocal shaker under dark 

conditions and held at 4 °C. The mixture was then centrifuged and the supernatant was filtered 

with 0.45 µm PTFE filters (Tisch Scientific, North Bend, OH) into glass test tubes.  

Extracts were then further concentrated using nitrogen flow for approximately 10 h in a 35 °C 

water bath. The extracts were then quantified for total phenolics, aliquoted and stored in -80 °C 

until needed. For cell culture experiments, cells were dosed based on µg gallic acid equivalent 

per mL (µg GAE/mL). 

3.3.3 Quantification of Total Phenolics and Antioxidant Activity. 

Total phenolics were quantified by the Folin-Ciocalteu assay as described in Singleton’s 

work52 with minor modifications. Thirty-five µL of extract, standard or solvent was mixed with 

150 µL of 0.2 N Folin-Ciocalteu reagent in a 96-well plate. After mixing and incubating for 5 

min, 115 µL of 7.5% sodium bicarbonate was added, the contents mixed, and the plate was then 

incubated at 45 C for 30 min. The plate was allowed to cool for 1 h in dark conditions before 

absorbance at 765 nm was measured with a Biotek Synergy 2 plate reader (Winooski, VT). Data 

were reported as mean mg gallic acid equivalents per g of sweet sorghum sample (mg GAE/g) ± 

standard error. 
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For quantification of antioxidant activity, the 2,2`-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) assay was performed as previously described6,146 with minor 

modifications. Briefly, ABTS working solution was prepared fresh by mixing 3 mM ABTS 

radical with 8 mM potassium persulfate and allowing this solution to react for at least 12 h in the 

dark before mixing with a pH 7.4 phosphate buffer to form the final solution. In triplicate, 10 µL 

of sample, standard, or solvent was added to individual wells of a 96-well plate followed by the 

addition of 290 µL of working ABTS solution. The resulting mixture was then mixed and 

allowed to react for 30 min before absorbance at 734 nm was measured using the aforementioned 

plate reader. The antioxidant activity was expressed as mean (n = 3) mg Trolox equivalents per g 

of sweet sorghum sample (mg TE/g) ± standard error.  

3.3.4 LC-MS Analysis. 

A Waters Acquity UPLC system fitted with a Waters Acquity UPLCT3 column (1.8 µM, 

1.0 X 100 mm) was used to achieve UPLC separation and a Waters Xevo G2 Q-Tof MS fitted 

with an electrospray source was used for accurate mass analysis. One µL of sample held at 5 °C 

was injected into the UPLC with 100% solvent A (water, 0.1% formic acid) and this was held for 

1 min. Next, a 12 min linear gradient to 95% solvent B (acetonitrile, 0.1% formic acid) was 

applied. The flow rate was maintained at a constant 200 µL/min and the column was maintained 

at a constant 50 °C for the entirety of the run. 

 Eluent from the UPLC was then infused into MS running in the positive ion mode, 

scanning from 50-1200 at a rate of 0.2 s/scan, alternating between MS and MSE mode. The 

collision energy was set to 6 V and 15-30 V for MS and MSE modes, respectively. Sodium 

formate was used to calibrate the equipment with mass accuracy within 1 ppm prior to the run. 

The capillary voltage was set to 2200 V, the source and the desolvation temperatures were set to 
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150 °C and 350 °C, respectively. The desolvation gas flow rate was 800 L/h of nitrogen. Waters 

raw data files were converted to .cdf format using Databridge software (Waters), and feature 

detection was performed using XCMS. Raw peaks were normalized to total ion signal in R. 

3.3.5 Cell Lines and Culturing Procedures. 

Colon cancer stem cells (CCSCs) were purchased from Celprogen (San Pedro, CA) and 

were maintained at a temperature of 37 °C and 5% CO2. CCSCs were maintained in colon cancer 

stem cell media (Celprogen) and passaged 1:10 to 1:20 when cells were 80% confluent. For 

experiments, CCSCs were treated in serum free colon cancer stem cell media (Celprogen) with 

sweet sorghum extracts based on µg GAE/mL in accordance with our previously published 

protocols160,161.  

3.3.6 Lentiviral shRNA Mediated Knockdown of p53 in CCSCs. 

Lentiviral particles encoding shRNA targeting p53 (Santa Cruz Biotechnology Inc; Santa 

Cruz, CA) were used to mediate p53 suppression in CCSCs at a multiplicity of 10 in growth 

medium containing 5 μg/mL polybrene. After 24 h of transfection, media was replaced and the 

cells were cultured for 2 d. Transfected cells were then selected in the presence of puromycin 

(7.5 μg/mL) for an additional 5 d. Western blots were then performed on transfected whole cell 

lysates to confirm the suppression of p53. 

3.3.7  Proliferation and Apoptosis. 

Cell proliferation was assessed via 5-bromo-2’-deoxyuridine (BrdU) assay (Cell 

Signaling Technology, Beverly, MA). Briefly, CCSCs were seeded in 96-well plates at 2 X 104 

cells per well. After 24 h incubation, the media was aspirated and the cells were treated with 

sweet sorghum extracts in triplicate with serum free media for 20 h at 37 °C. At the end of the 

treatment period, BrdU was added at a concentration of 10 µM per well to each well and 
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incubated at 37 °C for 4 h to allow incorporation of BrdU into cellular DNA resulting in 24 h 

total incubation. Media was then aspirated and the BrdU assay was performed according to 

manufacturer’s protocol. IC50 values were calculated and used to standardize dosage of dermal 

and seed head phenolics in subsequent studies of apoptosis. The annotations ½IC50, IC50 and 

2IC50 are used in Figures 21 and 22. This refers to ½, 1 and 2 times the IC50 value for each 

respective treatment in each respective cell lines. This equates to treatments of 5, 10 and 20 µg 

GAE/mL for a treatment with an IC50 of 10 µg GAE/mL in a particular cell line. 

Apoptosis was analyzed by measuring active caspases 3 and 7 with a Caspase-Glo 3/7 

assay kit (PromegaCorp., Madison, WI) and by assessing DNA fragmentation with the terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method. For measuring caspase 

activity, cells were treated for 12 or 24 h with treatments. Then cells were trypsinized and 200 

µL of media containing CCSCs or CCSCs p53 shRNA were transferred into a white 96-well 

plate and caspase activity was measured according to manufacturer’s protocol. Data were 

normalized to cell count and expressed as percent of solvent control. For TUNEL assay, cells 

were seeded into four-well chambered glass slides at a density of 1 X 105 cells per chamber. 

After treatments with control compounds and sweet sorghum extracts, the slides were prepared 

and analyzed for TUNEL staining according to manufacturer’s protocols (In Situ Cell Detection 

Kit, FL: Roche Diagnostics; Mannheim, Germany).  

3.3.8  Western Blotting. 

 Cells were plated in six-well plates at a concentration of 3.0 X 105 cells per well in 

human colon cancer stem cell medium. After 24 h, cells were treated in serum free medium for 

18 h. Cells were then mixed in 150 µL/well high salt buffer (50 mM HEPES, 0.5 M NaCl, 1.5 

mM MgCl2, 1 mM EGTA, 10 % Glycerol, 1 % Triton-X, pH 7.5) containing protease inhibitors 
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(Thermo Scientific; Rockford, IL) and lysed using sonication. Protein (40 µg) was then subjected 

to gel electrophoresis on Criterion XT Bis-Tris 4 - 12 % Gel (Biorad; Hercules, CA) and 

transferred to PVDC membrane. The membrane was blocked using Superblock (Thermo 

Scientific; Rockford, IL) overnight at 4 °C. The antibody against PARP (9542p) was purchased 

from Cell Signaling Technologies (San Diego, CA). Antibodies against β-actin (sc-1616), p53 

(sc-6243), β-catenin (sc-7963), survivin (sc-17779), cyclin D1 (sc-20044), cMyc (sc-40), GSK-

3β (sc-9166), pGSK-3βS9 (sc-11757), and pGSK-3βY219 (sc-135653) were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA). All primary antibodies were incubated overnight at 4 °C 

at a dilution of 1:500. IRDye 800 Donkey anti-goat, IRDye 680 goat anti-mouse, IRDye 800 goat 

anti-mouse, IRDye 680 goat anti-rabbit, and IRDye 800 goat anti-rabbit secondary antibodies 

were purchased from LI-COR Bioscience (Lincoln, NE) and incubated for 2 h at room 

temperature at a dilution of 1:10000. Blots were imaged and quantified using the Odyssey 

Infrared Imaging System and software (LI-COR Biotechnology; Lincoln, NE). 

3.3.9  Statistical Analysis. 

 Statistical analysis was done using SAS version 9.3 and significance was determined by 

one way ANOVA, followed by the post-hoc Fisher least significant difference (LSD) test for 

multiple means comparisons. For Western blotting, data were transformed by natural log before 

being subjected to one way ANOVA and LSD statistical analyses. Pearson’s correlations were 

performed using IBM’s SPSS version 21. Values not sharing the same letter were statistically 

significant (P < 0.05). 
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3.4 Results and Discussion. 

3.4.1 Component Analysis Reveals Seed Head and Dermal as Most Potent Sources of 

Anticancer Phenolics from Sweet Sorghum. 

 Data for the TP and ABTS values of pith, dermal, leaf, seed head and whole plant 

components from the sweet sorghum variety M81E are summarized in Figure 19A. We observed 

that the leaf and seed head had significantly higher TP with values of 4.45 and 4.37 mg GAE/g, 

respectively (P < 0.05). Dermal and the whole plant had similar levels of TP, 1.07 and 1.17 mg 

GAE/g, respectively. However, this was not significantly different than pith (0.14 mg GAE/g) at 

the 5% level. Similar findings were found for the ABTS values of sweet sorghum components. 

ABTS values for leaf and seed head were the highest at 16.98 and 19.18 mg TE/g, respectively. 

The dermal (7.31 mg TE/g) and the whole plant (7.64 mg TE/g) had significantly higher ABTS 

than the pith at 0.35 mg TE/g (P < 0.05). Our findings are similar to the findings of Awika et al. 

who reported TP and ABTS values for sorghum grains to range from 1 - 13 mg GAE/g and 1.5 - 

27 mg TE/g (6 - 108 µMole TE/g) on a dry matter basis, respectively6. Ring et al. investigated 

the levels of phenolics in different grain sorghum tissues during maturation and reported similar 

TP values for the leaves (3.4 – 11.7 mg GAE/g) and stalk (0.6 – 1.0 mg GAE/g)56. This indicates 

there is a similarity in the quantities of TP and other reducing agents expressed in sweet 

sorghums and grain sorghums, despite the high morphologic and phenotypic variation. 

 The antiproliferative and proapoptotic properties of these extracts in vitro against CCSCs 

were investigated, and the data are summarized in Figures 19B-D. Due to the low concentration 

of phenolics and our previous findings suggesting lack of in vitro bioactivity159, pith extract was 

excluded from this analysis. Dermal and seed head extract suppressed proliferation at 35 µg 

GAE/mL to 55% and 38% of control, respectively, as measured by BrdU incorporation. This was  



68 
 

 

 
Figure 19. Extracts prepared from sweet sorghum variety M81E components (pith, dermal, leaf, 

seed head, and whole plant) contain total phenolics and antioxidants with antiproliferative and 

proapoptotic activity. (A) The total phenolics and ABTS values of sweet sorghum components as 

measured by the Folin-Ciocalteu and ABTS assay, respectively. Values are presented in mg gallic 

acid equivalents per g of tissue and mg Trolox equivalents per g of tissue (collectively referred as 

mg/g) for total phenolics and ABTS, respectively. Mean mg/g values (n = 3) ± standard error are 

represented. (B) The antiproliferative activity of sweet sorghum component extracts after 24 h 

treatment with 35 µg GAE/mL, as measured by the BrdU assay. Data are presented as percent of 

control (% control) as means (n = 3) ± standard error. Sweet sorghum component extracts induce 

effector caspase activation and DNA fragmentation after 24 h treatment with 35 µg GAE/mL, as 

measured by (C) Caspase 3/7 Glo assay and (D) TUNEL assay. Data for Caspase 3/7 Glo assay 

are presented as percent of control as means (n = 2) ± standard deviation. Data for TUNEL assay 

are presented as mean (n = 2) apoptotic index (percent positive cells) ± standard deviation. 

Different letters indicate significant differences (P < 0.05) among treatments. Control = 80% 

ethanol used as negative control. 

 

significantly more than leaf (78%) or whole plant extract (73%) (P < 0.05). Proapoptotic activity 

of the extracts was measured by the Caspase 3/7 Glo assay and TUNEL assay. Dermal extracts 

were more potent in activating caspases (610%), as compared to other components and whole 
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plant (Figure 19C). Leaf, seed head, and whole plant extracts all induced caspase activation to 

similar levels in comparison to control (274%, 336%, and 255%, respectively). Interestingly, 

only extracts from dermal and seed head increased the percentage of apoptotic cells as measured 

by the TUNEL assay to 57% and 49%, respectively (P < 0.05). Based on the observed difference 

in the proapoptotic effects of dermal and seed extracts in comparison to other components, these 

components were selected for further investigations. Despite high TP and ABTS values, leaf 

extract only marginally decreased CCSCs proliferation and failed to increase apoptosis as 

measure by TUNEL positive staining. It is important to note that these extracts did increase 

activated caspases 3 and 7 after 12 h and likely that with time would have resulted in DNA 

cleavage observable by TUNEL staining. 

3.4.2 Effects of Time of Harvest on the Bioactivity of Sweet Sorghum Components. 

The time of harvest has been shown to influence levels of bioactive compounds in 

sorghum162,163. We wanted to know if this variable had an influence on the levels and bioactivity 

of sweet sorghum. Table 9 shows TP, ABTS and BrdU values from the dermal and seed head of 

Dale and M81E sweet sorghum varieties at four times of harvest to assess the impact of plant 

development on the quantities and activity of dermal and seed head phenolic rich extracts. The 

TP and ABTS values for both dermal and seed head were similar in all varieties. For dermal, TP 

and ABTS values ranged from 0.84 – 2.14 mg GAE/g and from 2.32 – 6.48 mg TE/g for dermal 

across all varieties, respectively. In agreement with the component analysis, the seed head had 

higher TP and ABTS values than did dermal, indicating that the seed head of sweet sorghum is a 

more concentrated source of phenolics. Seed head TP and ABTS values ranged from 2.28 – 8.88 

mg GAE/g and from 12.64 – 28.65 mg TE/g across all varieties, respectively. As expected, and 
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Table 9. Determination of TP, ABTS and BrdU in dermal and seed head extracts from Dale and M81E varieties of 
sweet sorghum at different times of harvest. 

 dermal  seed head 

variety DAP a TPb ABTSc BrdUd  DAP TP ABTS BrdU 

Dale 117* 0.84 ± 0.04 2.32 ± 0.17   59 ± 3.5  131** 2.30  ± 0.23 13.03 ± 0.94 32 ± 3.0 

 125* 1.10 ± 0.01 3.18 ± 0.09 120 ± 2.8  145** 2.46 ± 0.11 13.93 ± 0.35 26 ± 2.3 

 138* 1.42 ± 0.09 3.85 ± 0.32 109 ± 1.3  153** 2.28 ± 0.03 12.64 ± 0.58 49 ± 2.3 

 152* 1.48 ± 0.14 4.11 ± 0.59 109 ± 1.6  160** 2.82 ± 0.25 14.97 ± 0.72 79 ± 1.0 

M81E 117* 1.52 ± 0.06 4.68 ± 0.31 72 ± 1.2  131** 6.01 ± 0.38 25.58 ± 1.23 15 ± 0.5 

 125* 1.86 ± 0.08 5.32 ± 0.16 54 ± 2.1  145** 5.00 ± 0.32 21.57 ± 1.22 13 ± 0.4 

 138* 2.14 ± 0.14 6.38 ± 0.55 33 ± 4.7  153** 8.02 ± 0.23 28.98 ± 0.32   2 ± 0.3 

 152* 2.10 ± 0.04 6.48 ± 0.28 91 ± 0.9  160** 8.88 ± 0.46 28.65 ± 0.07   5 ± 0.6 
a DAP = Days after planting. Sweet sorghums were harvested at different times represented as d after planting. * 
Were planted on 05/10/2012. ** Were planted on 06/13/2012. bTotal phenolics (TP) were determined by the 
Folin-Ciocalteu assay and data are presented as mg gallic acid equivalents per g sample (mg GAE/g). cABTS 
values were determined by the ABTS method and data are presented as mg Trolox equivalents per g sample (mg 
GAE/g). dCCSCs were treated for 24 h with dermal or seed head extracts at 35 µg GAE/mL concentration. Values 
were determined from the BrdU assay and expressed as percent of control. Low values indicate proliferation 
suppression. All data are presented as means (n = 3) ± standard error. Highlighted cells were selected for 
subsequent investigations.  

 

in agreement with previous works on sorghum6,54, there was a high correlation between sweet 

sorghum TP and ABTS values of both dermal (r = 0.966, P < 0.0005) and seed head (r = 0.974, P 

< 0.0005). Furthermore, time of harvest correlated with dermal TP (r = 0.476, P = 0.019) and 

ABTS values (r = 0.531, P = 0.008). This indicates that as the sweet sorghum plant matures, it 

concentrates phenolics and antioxidants in the dermal layer of the stem.   

One of the most important roles of phenolics in plants is to defend the plant from 

pathogenic infection and to deter herbivorous predation50. Therefore it is logical for sweet 

sorghum to concentrate more phenolics in the seed head than dermal layer as a means of 

preserving its genome. Indeed, certain bird resistant varieties of grain sorghum have been 

identified, and these varieties differ based on the presence of tannins, a broad class of astringent 

polyphenolics, which deter feeding164,165. As sweet sorghums mature, sugars are concentrated in 

the stalk and this puts the plant at risk for boring insects. Thus, it is logical for the plant to 
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concentrate phenolics during plant development to prevent and protect the plant from attack.  

The antiproliferative activity varied widely amongst varieties and time of harvest in sweet 

sorghum dermal and seed head components. We found significant negative correlations between 

seed head BrdU antiproliferative values and seed head TP (r = -0.716, P < 0.0005) and ABTS (r 

= -0.726, P < 0.0005) values. This may reflect changing bioactive profiles in the seed head and 

warrants further investigation. For dermal extracts, BrdU antiproliferative activity did not 

correlate with time of harvest, TP values, nor ABTS values, implying that the antiproliferative 

activity of these extracts cannot be explained by quantity of the phenolics in the plant and may 

be better explained by the composition of the phenolics at the time of harvest. One confounding 

factor may be differences in non-bioactive reducing, as these can contribute to TP and ABTS 

readings without contributing to antiproliferative activity of the extract. Nonetheless, our 

analysis shows extracts from multiple varieties of sweet sorghum dermal and seed head, 

harvested at various stages of maturity, contain strong antiproliferative constituents. This 

supports the use of dermal and seed head as a source of bioactive compounds for human health 

in the biorefinery approach to biofuel conversion from sweet sorghum. This is important as 

variety and time of harvest may vary between seasons and between producers. 

3.4.3 The Anticancer Effects of Dermal and Seed Head Phenolics  

To better understand the antiproliferative and proapoptotic effects of sweet sorghum 

phenolics, and to determine the extent to which these effects are p53-dependent, successive 

studies were performed. The highlighted rows in Table 9 indicate the source of phenolic rich 

extracts to be used in subsequent studies of proliferation and apoptosis. These materials were 

selected based primarily on the ability of the extract to decrease proliferation as measured by 

BrdU assay. We then compared observed bioactivities of sweet sorghum extracts with the 
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standard chemotherapeutic drug 5-FU. As shown in Figure 20, IC50 values were calculated by 

BrdU assay after 24 h treatment in CCSCs and CCSCs p53 shRNA. Both dermal and seed head 

dose-dependently decreased cellular proliferation in both cell lines. Dermal extract had IC50 

values of 25 and 36 µg GAE/mL in CCSCs and CCSCs p53 shRNA, respectively. Seed head 

extracts were shown to be more potent than dermal and independent of p53 as treatment resulted 

in IC50 values of 10 µg GAE/mL in both cell lines with no statistical differences observed 

between cell lines. However, in CCSCs p53 shRNA, seed head extracts suppressed proliferation 

in a p53 independent fashion, whereas the dermal extract was not as effective in the p53 shRNA 

cell line and this was reflected by a higher IC50 for dermal extract. Interestingly, we observed 5-

FU induced increases in rates of proliferation in CCSCs and CCSCs p53 shRNA. This is in  

 
Figure 20. The antiproliferative activity of select dermal and seed head extracts and calculated 

IC50 values were determined by BrdU assay after 24 h treatment with extracts. Data are presented 

as percent of control as means (n = 3) ± standard error. * Significant difference from control (P < 

0.05). † Significant differences between CCSCs and CCSCs p53 shRNA of the same treatment (P 

< 0.05). Control = 80% ethanol used for solvent control; D = Dermal treatments at concentrations 

indicated by number in μg GAE/mL; SH = Seed head extract treatments at concentrations indicated 

by number in μg GAE/mL; 5FU = 5-fluorouracil (18 µg/mL).  
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contrast to previous studies reporting decreases in the proliferation of multiple colon cancer cell 

lines166,167. However, it has been reported that ATP synthase inhibitors in conjunction with 5-FU 

treatment increased colon cancer cell proliferation168. 

The proapopototic activity of sweet sorghum extracts are summarized in Figure 21 and 

assessed by activation of effector caspases with Caspase 3/7 Glo assay, PARP cleavage by 

Western blotting, and apoptotic index with TUNEL staining (% TUNEL positive staining). 

Dermal extracts, only after 18 h, significantly increase the levels of cleaved PARP by 7.8-fold 

and 2.1-fold in CCSCs and CCSCs p53 shRNA, respectively. Furthermore, dermal extract at 2 

times the IC50 concentration increased the percentage of TUNEL positive CCSCs and CCSCs 

p53 shRNA to 82% and 45%, respectively. Therefore, the proapoptotic effects observed in 

dermal treated cells was most probably mediated via activated caspases as activated effector 

caspases are responsible for PARP cleavage. Given the increase in caspase activity observed in 

dermal treated cells after 24 h (Figure 19C), it may be that activation of effector caspases comes 

after the 12 h time point we measured for this analysis. Our results further show the activity of 

dermal extract was markedly and significantly diminished by suppression of the tumor 

suppressor p53 in CCSCs p53 shRNA, indicating a partial dependence on p53 for the mediation 

of dermal extract’s activity. This was not observed in cells treated with seed head extract. After 

12 h of seed head treatment, caspase activation was increased from 100% to 5118% control and 

from 100% to 4503% of control in CCSCs and CCSCs p53 shRNA, respectively. There was no 

difference between cell lines in caspase activation, indicating a p53-independence. Interestingly, 

this surpassed caspase activation induced by 5-FU. Seed head treatment resulted in 4.7-fold and 

1.3-fold decreases in full length PARP and 21-fold and 38-fold increases in the 82 kDa PARP 

cleavage product in CCSCs and CCSCs p53 shRNA, respectively. TUNEL staining also  
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Figure 21. Extracts from sweet sorghum dermal and seed head induce effector caspases-3 and -7 activity, 

PARP cleavage, and DNA fragmentation, as measured by Caspase 3/7 Glo assay, Western blotting, and 

TUNEL assay in Colon Cancer Stem Cells (CCSCs). (A) Data from Caspase 3/7 Glo assay are presented 

as percent of the solvent control (% Control) as means (n = 2) ± standard deviation. (B) Images from 

Western blots probed with antibodies against PARP and β-actin. (C) Levels of PARP and cleaved PARP 

were quantified by densitometry relative to β-actin with control lanes set to 1. (D) Results from TUNEL 

assay experiments are presented at apoptotic index (% Postive Cells) as means (n = 2) ± standard deviation. 

(E) Representative images of TUNEL staining in cells treated with control, dermal or seed head treatments 

at their respective IC50
 values. Images from top row are from CCSCs and bottom row are from CCSCs p53 

shRNA. * Indicates significant difference from control (P < 0.05). † Indicates significant differences 

between CCSCs and CCSCs p53 shRNA of the same treatment (P < 0.05). The coefficient preceding the 

treatment represents dose (i.e. 1/2 is equivalent to 1/2 of the IC50 value) Control = 80% ethanol used for 

solvent control; D = Dermal extract; SH = Seed head extract; 5FU = 5-fluorouracil (18 µg/mL).  
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indicated apoptosis after 18 h of seed head treatment, as seed head increased the percentage of 

TUNEL positive CCSCs to 88% and to 64% in CCSCs p53 shRNA at a concentration of 2 times 

the IC50. 

3.4.4 Dermal and Seed head Suppresses β-Catenin Levels and Downstream Targets. 

 Having shown differences in the dependence of p53 status for the activity of dermal and 

seed head extracts, successive investigations were carried out to assess the molecular 

mechanisms responsible for the activities observed in sweet sorghum phenolics. Given the 

prominence of aberrant Wnt/β-catenin in colon cancer, we treated CCSCs and CCSCs p53 

shRNA with dermal and seed head phenolics for 18 h and Western blotting was performed to 

measure protein expression. Figure 22 demonstrates treatment with seed head decreased β-

catenin in a dose-dependent manner in both CCSCs and CCSCs p53 shRNA. However, this 

activity was slightly diminished in the p53 shRNA cell line, indicating a need of p53 for full 

activity. Dermal phenolics also decreased β-catenin levels in CCSCs. However, this activity was 

completely absent in p53 shRNA cells, indicating p53-dependency.  

 β-catenin’s prosurvival effects are partly mediated via the transactivation of target genes, 

such as cMyc, Cyclin D1, and Survivin123. In accordance with our observations, seed head 

treatment of both cell types resulted in concurrent decreases in cMyc and Survivin in a partly 

p53-independent manner. Dermal treatment also resulted in the decrease of these β-catenin 

targets in CCSCs. However, dermal activity was diminished in CCSCs p53 shRNA and 

determined to be p53-dependent. The only exception to this was Cyclin D1. Dermal significantly 

and dose dependently suppressed Cyclin D1 levels in both cell lines, indicating that Dermal’s 

effects on Cyclin D1 are p53-independent. Furthermore, this indicates that suppression of Cyclin 

D1 may be achieved through other pathways. Significant correlation was observed between   
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Figure 22. Extracts from sweet sorghum dermal and seed head decrease levels of β-catenin and β-catenin targets cMyc, Cyclin D1, and 

Survivin in a p53-dependent manner for dermal treated cells and a partial p53-dependent manner for seed head treated Colon Cancer 

Stem Cells (CCSCs). (A) CCSCs and CCSCs p53 shRNA were treated with dermal or seed head extracts for 18 h and whole cell lysates 

were subjected to Western blotting and probed with antibodies against GSK-3β, pGSK-3βS9, pGSK-3βY216, β-catenin, cMyc, Cyclin D1, 

Survivin, and β-actin. (B) Levels of β-catenin, cMyc, Cyclin D1, and Survivin were quantified by densitometry relative to β-actin with 

control lanes set to1. Data are presented as means (n = 2) ± standard deviation. * Indicates significant difference from control (P < 0.05). 

† Indicates significant differences between CCSCs and CCSCs p53 shRNA of the same treatment (P < 0.05). Control (C) = 80% ethanol 

used for solvent control; D = Dermal extract treatments; SH = Seed head extract treatments. Dermal and seed head treatments were 

dosed based on IC50 values in μg GAE/mL. The coefficient preceding the treatment represents dose (i.e. 1/2 is equivalent to 1/2 of the 

IC50 value). 5FU = 5-fluorouracil (18 µg/mL).
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apoptosis (TUNEL staining) and β-catenin (r = -0.920, P < 0.01), cMyc (r = -0.922, P < 0.01), 

and Survivin (r = -0.519, P < 0.01). We did not find significant correlations between apoptosis 

and Cyclin D1, which is to be expected as it functions to suppress cell cycle progression and is 

not thought to influence apoptosis.  

GSK-3β, pGSK-3βS9 and pGSK-3βY219 were probed with Western blotting to determine if 

β-catenin decreases in response to treatment were a result of altered GSK-3β activity. Figure 22a 

shows that while GSK-3β, and pGSK-3βS9 levels remained unaltered, levels of pGSK-

3βY219decreased in CCSCs. This is contrary to expectation, as decreased levels of active pGSK-

3βY219would seemingly increase β-catenin. However, decreases in β-catenin levels could be 

explained by enhanced binding of GSK-3β to β-catenin through interaction with APC. As this 

was not measured in the current study, this will remain purely as speculation. Nonetheless, we 

show for the first time that sweet sorghum extracts dose-dependently decreased β-catenin levels, 

and this was concurrently associated with decreased cellular proliferation, increased apoptosis, 

and decreased expression of cMyc, Cyclin D1 and Survivin. This was found to be partly p53-

independent in seed head extract and p53-dependent in dermal extract. 

Differences observed in LC-MS anlaysis may explain differences in proapoptotic and 

antiproliferative activity observed between dermal and seed head, demonstrating that the 

composition of phenolics as determined by source is an important determinant of an extract’s 

effectiveness against cancer stem cells and dependence on p53 for activity. These bioactive 

compounds contained within the seed head extract and dermal extract of sweet sorghum possess 

antiproliferative and proapoptotic activity against colon cancer stem cells in a partial p53-

dependent manner for seed head extracts and p53-dependent for dermal extracts. Apoptosis was 
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mediated via activation of effector caspases, resulting in activation of PARP and subsequent 

DNA fragmentation. 

To better understand the differences observed in dermal’s and seed head’s in vitro 

activity, we next performed LC-MS analysis to assess differences in polyphenolics. Analysis 

revealed 842 different features that differed by at least 2-fold (Figure 23) (P < 0.05). We were 

also able to identify differences in multiple phenolic compounds previously reported in sweet 

sorghum and reported to have bioactivity (Table 10). In total, we identified 10 compounds; 

apigeninidin, luteolinidin, malvidin glucoside, apigenin, luteolin, naringenin, naringenin 

glucoside, eriodictyol glucoside, taxifolin, and catechin. Based on relative abundance, seed head 

contained 9813% more apigeninidin and 650% more luteolininidin, a class of 3-

deoxyanthocyanidins with potent phase II enzyme inducing and anticancer activity8. Seed head 

also contained significantly more luteolin, apigenin, naringenin glucoside, and Eriodictyol 

glucoside.  

Table 10. Phenolic compounds detected by LC-MS in dermal and seed head extracts. 

identity formulaa Rt 
(min) 

observed 
mass 

exact 
massb 

∆ppm intensityc 
dermal 

intensityc 
seed head 

refd 

apigeninidin C15H11O4
+ 4.26 255.066 255.0660M 0 29 2875* 4,5,70 

luteolinidin C15H11O5
+ 5.97 271.061 271.0607M 1 6 45* 4,5,70 

malvidin 3-O-
glucoside 

C23H25O12
+ 4.83 493.134 493.1314M 5 221* 91 4 

apigenin C15H10O5 4.02 271.061 271.0607 1 41 5934* 5 

luteolin C15H10O6 3.37 287.056 287.0556 1 12 162* 5,72 

naringenin 
naringenin 7 O 
glucoside 

C15H12O5 

C21H22O10 

5.83 
4.23 

273.076 
435.129 

273.0764 
435.1292 

2 
1 

25* 
6 

3 
84* 

5 
169 

eriodictyol 5-
glucoside 

C21H22O11 4.28 451.123 451.124 2 10 464* 79 

taxifolin C15H12O7 3.37 305.066 305.0662 1 188* 34 5 

catechin C15H14O6 4.07 291.086 291.0869 3 7 86* 5 
aFormulas are based on [M]. bExact masses are based on [M+H]+ unless otherwise indicated. MMass based on 
[M]+. cNormalized peak intensities based on peak areas normalized to total ion signal in R. dReferences which 
have previously identified the compound listed. * Significant differences (P < 0.05) observed between dermal 
and seed head extracts. 
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Interestingly, luteolin and apigenin have demonstrated proapoptotic activity in the p53 

mutated colon cancer HT29 cell line170,171. This supports our observations of p53-independent 

apoptosis in seed head treated CCSCs. On the other hand, the dermal layer contained more of the 

malvidin glucoside, naringenin and taxifolin as compared to seed head. These differences 

observed in LC-MS anlaysis may explain differences in proapoptotic and antiproliferative 

activity observed between dermal and seed head, demonstrating that the composition of 

phenolics as determined by source is an important determinant of an extract’s effectiveness 

against cancer stem cells and dependence on p53 for activity.  

 

Figure 23. Extracts from the dermal and seed head extract differed in metabolomics profiling. 

Volcano plot illustrating different features between dermal and seed head extracts. log2 fold change 

(seed head/dermal) is plotted on X-axis against the –log10 Pvalue. Features greater than 2-fold 

change between seed head and dermal are represented by points that fall outside of the vertical 

bars. Significantly different features (P < 0.05) are those features that fall above the horizontal bar.  

 

 The cumulative results from this study suggest that the phenolics of sweet sorghum 

component dermal and seed head have antiproliferative and proapoptotic activity. Seed head and 

dermal extracts were the most potent, while leaf and stalk pith were least effective. 

Antiproliferative effects of seed head and dermal were p53-independent and partially p53-

dependent, respectively. Proapoptotic effects were partially p53-dependent for both extracts. 
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Proapoptotic activity tracked closely with altered β-catenin levels, which resulted in decreased 

proliferative and survival signaling by way of decreased cMyc, cyclin D1, and survivin 

expression (Figure 22). Differences in composition of phenolic compounds contained in the 

dermal and seed head may help to explain differences in anticancer effects. A complete 

understanding of the mechanism(s) of action is still unknown and further research is needed to 

elucidate sweet sorghum’s anticancer properties and potential uses as a chemopreventive and 

chemotherapeutic agent in vivo. Furthermore, research is needed to understand the mechanisms 

through which these extracts suppress β-catenin. While serving as a feedstock for biofuel 

production, sweet sorghum biomass generated by biorefining may also serve as a reservoir for 

bioactive compounds for human health 
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CHAPTER 4: PHENOLIC RICH EXTRACTS FROM THE DERMAL LAYER OF 

SWEET SORGHUM (SORGHUM BICOLOR) STALK, A BYPRODUCT OF BIOFUEL 

PRODUCTION, REDUCES SYSTEMIC OXIDATIVE STRESS IN A MURINE MODEL 

OF HIGH-FAT DIET INDUCED OBESITY 

 

 

 

4.1 Overview. 

Obesity is now a major global health problem and is often associated with chronic, sub-acute 

inflammation and increased oxidative stress. Sorghum bicolor is an important agricultural crop 

and the grain, bran, leaves, and leaf sheaths contain phenolic acids, anthocyanidins, 

anthocyanins, and other flavonoids with antiinflammatory and antioxidant activities. However, 

less has been documented on the in vivo safety and bioactivity of S. bicolor stalk. The protective 

effects of an ethanolic extract from the dermal layer of the stalk (SS) were examined in male and 

female mice consuming low-fat diet (LFD) and high-fat diet (HFD). Extract was supplied as a 

lyophilized powder in the diets at 1% w/w. During the last week, mice were subjected to dual 

energy x-ray absorptiometry and glucose tolerance test to assess adiposity and metabolic 

disorder, respectively. After 10 wk of feeding, mice were sacrificed, vital organs weighed, and 

tissues and plasma collected for further analysis. The inflammatory markers, tumor necrosis 

factor  (TNF), interleukin-6 (IL-6), and IL-1β, the macrophage marker, F4/80, and monocyte 

chemotactant protein 1 (MCP-1), and the tight junction proteins zona occluden 1 (ZO-1) and 

occludin were assessed in the colonic mucosa by qPCR. SS was well-tolerated by mice 

consuming LFD and HFD, as indicated by normal body weight, vital organ weights, feed intake, 

and water intake. Addition of SS had no effects on adiposity. SS did suppress oxidative stress as 

indicated by reduced plasma 8-isoprostane levels. These results support S. bicolor stalk as a safe 

source of bioactive compounds with in vivo antioxidant activity.  

Keywords: obesity, high-fat diet, oxidative stress, Sorghum bicolor, sweet sorghum, stalk 
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4.2 Introduction. 

 Obesity is now a major global health problem172. Obesity is often associated with 

chronic, sub-acute inflammation and increased oxidative stress173. Indeed, inflammation and 

oxidative stress is now recognized as an emerging feature of the metabolic syndrome174 and is 

thought to play a causal role in insulin resistance175. Furthermore, obesity is linked to an 

increased risk for many chronic diseases such as cardiovascular disease and cancer36,176. Obesity 

has been linked to colon cancer, which is promoted by altered inflammation, oxidative stress, 

and endocrine signaling that accompanies obesity36.  

 In rodent models of high-fat diet induced obesity, bioactive compounds have 

demonstrated antiinflammatory and antioxidant properties177,178. Sorghum bicolor is an 

agriculturally important cereal crop, placing fifth in worldwide cereal production1. Furthermore, 

it has been used in traditional medicines for the treatment of many disease states3. Recent 

investigations have elucidated some antiinflammatory and antioxidant activities of S. bicolor 

extracts in vitro and in vivo179–181. Sweet sorghums are varieties of S. bicolor, which concentrate 

simple sugars in the stalk, and as a result, have larger thicker stalks with smaller seed heads. S. 

bicolor grains, bran, leaves, and leaf sheaths have also been shown to contain phenolic acids, 

anthocyanidins, anthocyanins, and other flavonoids with bioactivity4,5,7,62,67,70,82. These have been 

reported in the grain, leaves, and leaf sheathes (also known as leaf base). Sorghum leaf base 

extracts have demonstrated in vitro antiinflammatory181 and in vivo antioxidant activity182. 

However, antioxidant and antiinflammatory properties of the stalk have not been well 

characterized. In this study, we used a high-fat diet to induce obesity in male and female mice 

and investigated the antioxidant and antiinflammatory effects of oral administration of sweet 

sorghum stalk extracts.  
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4.3 Materials and Methods. 

4.3.1 Sweet Sorghum Extraction. 

 Sweet sorghum dermal raw material was generously provided by Great Valley Energy 

LLC (Bakersfield, CA). Extract from this material was prepared by homogenizing approximately 

1 kg dermal material in 80% ethanol (1:10) chilled to -20 °C to prevent excess heating with an 

IKA T25 Digital Ultra TURRAX set to 10 000 rpm. The resulting slurry was then gravity filtered 

with coffee filters to remove particulates in dark conditions. The resulting extract was dried 

under nitrogen flow at 35 °C for 24 h to remove ethanol. The aqueous portion was then frozen 

and lyophilized (Virtis Genesis 25LL; Gardiner, NY) into a powder. 

4.3.2 Animal Care and Treatment. 

 Male and Female A/J mice from Jackson Laboratory (Bar Harbor, Maine) were housed 4 

or 5 animals per cage in the controlled conditions of a constant 22 °C temperature, 12 h 

light/dark cycles, and free access to food and water. Seventeen male and seventeen female three-

week-old mice were randomly assigned by gender and weight into one of five dietary treatment 

groups. These treatments were low-fat diet (LFD: n = 8; 4 males and 4 females), low-fat diet plus 

1% sweet sorghum dermal layer extract (LFD + SS: n = 9; 4 males and 5 females), high-fat diet 

(HFD:  n = 8; 4 males and 4 females), and HFD plus 1% SS (HFD + SS: n = 9; 5 males and 4 

females). LFD was prepared entirely of the standard AIN-93G rodent chow. HFD was a 

westernized diet consisting of 40% kcal from dietary fat. Diets containing 1% SS had equivalent 

amounts of corn starch displaced in the diets by presence of dried extracts on a per weight basis. 

The 1% diet was chosen based on toxicity studies of rodents consuming extracts of sorghum leaf 

base183. At this level, a mouse weighing 25 g and consuming 5 g diet per d would not receive 

more than 2000 mg/kg/d of diet. All diets were prepared by Harlan Tekland (Madison, WI) and 
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are outlined in Table 11. All animal experimental protocols were approved by the Institutional 

Animal Care and Use Committee of Colorado State University. 

Table 11. Composition of control and experimental diets. 

ingredients (%) LFD LFD + SS HFD HFD + SS 

sweet sorghum dermal extract 0.0 1.0 0.0 1.0 
casein 20.0 20.0 19.5 19.5 
L-cysteine 0.3 0.3 0.3 0.3 
sucrose 10.0 10.0 26.1 26.1 
maltodextrin 13.2 13.2 7.5 7.5 
corn starch 39.8 38.5 21.1 20.1 
cellulose 5.0 5.0 2.0 2.0 
soybean oil 7.0 7.0 0.0 0.0 
anhydrous milkfat 0.0 0.0 5.5 5.5 
lard 0.0 0.0 2.0 2.0 
beef tallow 0.0 0.0 3.5 3.5 
corn oil 0.0 0.0 5.5 5.5 
peanut oil 0.0 0.0 1.0 1.0 
hydrogenated vegetable shortening 0.0 0.0 2.5 2.5 
vitamin and mineral mix (low Ca, high P) 4.5 4.5 3.5 3.5 

fatty acid composition (%) LFD LFD + SS HFD HFD + SS 

PUFA 3.78 3.78 4.44 4.44 
MUFA 1.54 1.54 7.68 7.68 
SFA 1.05 1.05 8.08 8.08 

LFD = Low-fat diet control; HFD = High-fat diet control; LFD + SS = LFD with sweet sorghum dermal 
layer extract; HFD + SS = HFD with sweet sorghum dermal layer extract; PUFA = Polyunsaturated 
fatty acids; MUFA = Monounsaturated fatty acids; SFA = Saturated fatty acids. 

 

4.3.3 Glucose Tolerance Test. 

 The glucose tolerance test were performed using recommendations from184. Mice were 

fasted for 6 h before a solution of 50% glucose was injected intraperitoneally at 2 g/kg 

bodyweight. Blood samples were collected from the tail vein and measured with glucometer at 0, 

15, 30, 60 and 120 min. Blood glucose measurements were then plotted and the area under the 

curve (AUC) was calculated in Microsoft Excel. Data are expressed as mean AUC ± standard 

error. 

4.3.4 Body Weight and Dual Energy X-Ray Absorptiometry. 

 Body weights were measured weekly. Percentage body fat was assessed by dual energy 

x-ray absorptiometry (DEXA) scan at wk 9 of the study. Mice were anesthetized under 
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isoflurane during the scanning procedure. Each animal was scanned in triplicate and data 

presented as mean percentages body fat ± standard error. Fat mass was calculated by multiplying 

the bodyweight of animal (g) to the percentage body fat and is presented as mean fat mass ± 

standard error. 

4.3.5 RNA Extraction and Quantitative Real Time PCR. 

 RNA was isolated using the TRIzol method (Invitrogen, Carlsbad CA). cDNA was 

generated using qScript cDNA Supermix (Quanta Biosciences; Gaithersburg, MD) according to 

manufacturer’s protocol. Real-time qPCR was performed on the Eco Real Time PCR System 

(Illumina; San Diego, CA). All primers were purchased from Fisher Scientific (Pittsburg, PA) 

and the sequences are outlined in Table 12. The relative expression of each gene was normalized 

to β-actin. A mixture of the cDNA from all samples was used as the calibrator to which all other 

groups were compared using the ΔΔCq method. All values are expressed as mean fold change ± 

standard error compared to LFD control.  

Table 12. Primer sequences used for qPCR experiments. 

gene 
forward sequence 

5’to 3’ 
reverse sequence 

5’to 3’ 
amplicon 

length 

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 154 
TNFα CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 61 
NF-κB ATGGCAGACGATGATCCCTAC TGTTGACAGTGGTATTTCTGGTG 111 
TLR4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA 129 
IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 89 
IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 76 
MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 121 
F4/80 TGACTCACCTTGTGGTCCTAA CTTCCCAGAATCCAGTCTTTCC 111 
Occludin TTGAAAGTCCACCTCCTTACAGA CCGGATAAAAAGAGTACGCTGG 129 
ZO-1 GCCGCTAAGAGCACAGCAA TCCCCACTCTGAAAATGAGGA 134 

 

4.3.6 Sample Collection. 

  Animals were euthanized by cardiac puncture and cervical dislocation under isoflurane 

anesthesia. Blood was collected in heparin laden tubes and immediately centrifuged at 4 °C to 

collect plasma. Plasma samples were then aliquoted and frozen to -80 °C. Plasma 8-Isoprostane 
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levels were measured using the 8-Isoprostane EIA kit according to manufacturer’s protocol 

(Cayman Chemicals; Ann Arbor, MI). The colon was resected, cleaned with phosphate buffered 

saline, and the distal and proximal colonic mucosa was scrapped, collected, and immediately 

frozen in liquid nitrogen and stored at -80 °C for further analysis. Vital organs were removed, 

trimmed of excess fat, and weighed. 

4.3.7 Statistical Analysis. 

 Data are presented as means ± standard error. Statistical analysis was done using SAS 

version 9.3 and significance was determined by one-way ANOVA, followed by the post-hoc 

Fisher least significant difference (LSD) test for multiple means comparisons. Values not sharing 

the same letter were statistically significant (P < 0.05). * Indicates significant difference from 

LFD control (P < 0.05). † Indicates trend from LFD control (P < 0.10). ‡ Indicates significant 

difference from HFD control (P < 0.05). 

4.4 Results and Discussion. 

4.4.1 Sweet Sorghum is Well-tolerated in A/J Mice Fed Low-fat and High-fat Diets.  

 There was no unexpected mortality in animals consuming LFD, HFD, or diets containing 

SS extract at 1% diet for 10 wk. Furthermore, there were no observable adverse events due to 

treatment over the study period. Decreases in feed intake and water intake could be a result of 

toxicity associated with toxic compounds in the diet. As seen in Figure 24, there was no loss of 

feed intake or water intake observed in mice fed SS containing diets when compared to LFD and 

HFD controls. Generally, mice fed HFD + SS diet ate less on average than HFD control animals. 

However, this was not sufficient to cause any detrimental reductions in body weight (Figure 25). 

The body weights of mice in all groups tracked very closely with no significant differences 
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 Figure 24. Feed and water intakes for A/J mice. Weekly measures were taken through the study. 

Feed intake is presented as mean g of feed intake per kg of animal body weight per day (g/kg/d). 

Water intake is presented as mean mL of water intake per kg of animal body weight per day 

(mL/kg/d). LFD = Low-fat diet control; HFD = High-fat diet control; LFD + SS = LFD with 1% 

sweet sorghum dermal layer extract (SS); HFD + SS = HFD with 1% SS.  

 

between groups after 9 wk of diet. These results mirror those of Nwinyi’s group, who found that 

oral administration of sorghum leaf sheath at 400 mg/kg caused no significant changes in mean 

feed and water intakes, and body weights in rats after 4 wk185.  

The results of organ weights are summarized in Table 13. Except for the uterus, there 

were no significant differences observed in any of the vital and reproductive organs measured 

between diets containing SS and their respective control diets. Our results are in accordance with 

previous work reporting no differences in the liver, kidney, heart, spleen, and lungs in rats given 
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Figure 25. Body weight for A/J mice. Weekly measures of bodyweight were taken throughout the 

study and are presented in mean g of bodyweight. LFD = Low-fat diet control; HFD = High-fat 

diet control; LFD + SS = LFD with 1% sweet sorghum dermal layer extract (SS); HFD + SS = 

HFD with 1% SS. 

 

oral sorghum leaf sheath at 400 mg/kg for 4 wk185. A similar study reported no changes in the 

weights of the liver, spleen, kidneys, and lungs of rats given oral sorghum bran extract at a 

concentration of 5000 mg/kg for 14 d186. There were no effects of HFD or HFD + SS in organ 

weights of male mice (P < 0.05). In female mice, HFD did increase the weight of the liver. This 

may have been a result of liver steatosis which often accompanies HFD feeding in mice. The 

weight of uterus differed significantly between the highly variable HFD (197 ± 107 mg) and 

HFD + SS (64 ± 8 mg). However, neither of these groups differed from LFD fed control animals 

(P < 0.05). A HFD has been demonstrated to increase the incidence of sporadic uterine 

adenocarcinomas in female Donryu rat to 18% while LFD incidence was 0%187. Furthermore, 

this was associated with changes in the estrogen to progesterone ratio and earlier histological 

changes in the uterus as compared to basal diets187. It is therefore plausible uterine weight in 

HFD fed animals is a result of the cancer promoting effects of a HFD. This would explain the  

increased uterine weight in these animals along with the increase in variation, as not all animals 

would develop uterine tumors (only an 18% tumor incidence rate reported187). If this is true, it 
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would then allude to a protective effect of SS in the HFD + SS group, as these animals did not 

show increased uterine weight. However, as the uterus was not a focus of the present study, these 

comments will remain purely the authors’ speculation, and will need to be addressed in future 

studies. When the results from feed intake, water intake, body weight and organ weight are taken 

together, our observations support that consumption of SS was well-tolerated by mice. 

Table 13. Absolute organ weights of male and female A/J mice fed control and test diets. 

 Males 

organ LFD LFD + SS HFD HFD + SS 

colon length (cm) 10.3 ± 0.7 10.1 ± 0.4 9.5 ± 0.3 9.7 ± 0.6 
liver   919 ± 57.8   938 ± 59.6    990 ± 108.2  985 ± 60.4 
kidneys   307 ± 14.8   319 ± 20.6 311 ± 35.9  293 ± 11.8 
lungs 189 ± 8.9   166 ± 10.2 181 ± 19.6  175 ± 12.0 
spleen   64 ± 2.3 70 ± 1.7 63 ± 3.8 65 ± 3.7 
pancreas   137 ± 14.1   130 ± 15.0  137 ± 31.3 129 ± 7.8- 
brain 399 ± 1.8 408 ± 3.0  398 ± 17.6 391 ± 5.0 
testes & epididymides 273 ± 8.7   246 ± 20.7  276 ± 8.7_ 248 ± 4.8 
prostate & seminal 
vesicles 

251 ± 23.1 249 ± 19.6 295 ± 32.2 254 ± 2.3 

 Females 

organ LFD LFD + SS HFD HFD + SS 

colon length (cm) 9.3 ± 0.3  9.2 ± 0.5 9.5 ± 0.3  9.3 ± 0.2 
liver   794 ± 39.5a      849 ± 35.4ab    894 ± 28.6b     924 ± 41.2b 

kidneys  241 ± 13.9   266 ± 12.6   259 ± 12.9    271 ± 19.1 
lungs  164 ± 14.0   168 ± 12.1   165 ± 10.6 154 ± 2.7 
spleen  68 ± 2.4   70 ± 4.0   71 ± 3.6     70 ± 13.4 
pancreas    119 ± 5.8 123 ± 7.4 112 ± 8.2 129 ± 7.8 
brain  396 ± 11.0   403 ± 10.1 399 ± 4.1 389 ± 7.6 
uterus     89 ± 8.4ab      82 ± 5.9ab      197 ± 107.2a     64 ± 7.9b 

ovaries  13 ± 4.0   21 ± 7.6   12 ± 1.8   15 ± 4.5 

LFD = low-fat diet; HFD = high-fat diet; SS = diet containing 1% w/w sweet sorghum dermal 
layer extract.  Data are presented as mean weight ± standard error, except for colon, which is 
presented as mean length ± standard error. Different letters indicate significant differences 
(P < 0.05).   

 

4.4.2 Effects of a High-fat Diet on Body Composition and Glucose Tolerance in A/J Mice. 

 After 9 wk of feeding, A/J mice were subjected to Dual Energy X-ray Absorptiometry 

(DEXA) to assess the effects of HFD on body composition. While there were no significant 

differences in animal weights after 9 wk feeding (Figure 25), DEXA scans (Figure 26) revealed 

that HFD fed mice were significantly fatter than their LFD counterparts. The average body fat 
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percentage of mice fed HFD increased from 20.9% to 27.3% (P < 0.05) and there was a trend for 

an increase in average body fat mass from 4.7 g to 6.4 g fat (P < 0.1). We observed no significant 

differences in the percent body fat or fat mass in mice consuming HFD + SS from HFD, or in 

mice consuming LFD + SS from LFD, which indicates that SS extract is neither pro- nor anti-

obesogenic.  

 
Figure 26. The fat composition of A/J mice after 9 wk of high and low-fat diets with and without 

test compounds as determined by Dual Energy X-ray Absorptiometry. Values are presented as 

mean body fat percentages (% Body Fat) ± standard error and mean grams of body fat (g Body 

Fat) ± standard error, respectively. LFD = Low-fat diet control; HFD = High-fat diet control; LFD 

+ SS = LFD with 1% sweet sorghum dermal layer extract (SS); HFD + SS = HFD with 1% SS. * 

Significantly different compared to LFD (P < 0.05). † Trend compared to LFD (P < 0.05)  

 

 Glucose tolerance tests (GTT) were also performed after 9 wk of feeding and results 

displayed in Figure 27. After 9 wk of feeding, the HFD group demonstrated higher AUC values, 

however, this was not significantly different from LFD control (P = 0.12). This lack of response 

in AUC values in the HFD group may be due to the presence of equal numbers of females in the 

each group. Recent investigations into the role of gender in HFD induced obesity and metabolic 

disorder have revealed that female mice are protected from HFD induced obesity and metabolic 

disorder when compared to their male counterparts188–190. While the mechanism for this is not 

completely understood, it seems that estrogen plays a key role, as ovariectomized mice respond 
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similarly to HFD induced obesity and metabolic disorder as male mice190. HFD + SS group had 

significantly higher AUC values than LFD control. However, this was not different than HFD.  

 
Figure 27. Glucose tolerance tests in A/J mice. Glucose tolerance test was performed in A/J mice 

at wk 9 of the study after a 6 hr fast. Blood glucose (mg/dL) was measured at 0, 15, 30, 60 and 120 

min after initial injection. Area under the curve (AUC) was calculated for each group and presented 

as mean AUC ± standard error. LFD = Low-fat diet control; HFD = High-fat diet control; LFD + 

SS = LFD with 1% sweet sorghum dermal layer extract (SS); HFD + SS = HFD with 1% SS. * 

Significantly different compared to LFD (P < 0.05). 

 

4.4.3 High-fat Diet did not Alter Colonic Inflammation and Barrier Function. 

 HFD induced obesity has been reported to increase intestinal inflammation through 

altering intestinal microbiota, which leads to increased intestinal permeability, resulting in 

activation of toll-like receptors, inducing inflammation in the intestinal mucosa128,191,192. To 

understand the inflammatory changes occurring in the colon of HFD animals, real-time 

quantitative PCR was used to assess the mRNA expression levels for TLR-4, TNF-α, NF-κB, IL-

1β, and IL-6 in the colonic mucosa (Figure 28). There were no differences observed in any of the 

inflammatory markers when comparing HFD to LFD. Our data indicates that HFD feeding does 

not increase colonic inflammation in A/J mice after 10 wk.  

 Recent studies have suggested that intestinal macrophages play important roles in 

maintaining homeostasis by eliminating intestinal pathogens while negatively regulating excess 

immune responses to commensal bacteria193. Lamina propria macrophages spontaneously 
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Figure 28. Relative mRNA expression levels of TNFα, TLR4, NF-κB, IL-1β, and IL-6 in the distal 

colonic mucosa of A/J mice. The relative expression of each gene was normalized to β-actin. A 

mixture of the cDNA from all samples was used as the calibrator to which all other groups were 

compared using the ΔΔCq method. LFD = Low-fat diet control; HFD = High-fat diet control; LFD 

+ SS = LFD with 1% sweet sorghum dermal layer extract (SS); HFD + SS = HFD with 1% SS. 
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produce large amounts of antiinflammatory IL-10 and play a central role in regulation of immune 

responses against commensal bacteria194. In addition, these macrophages have been shown to 

produce large amounts of MCP-1, and MCP-1 deficiency caused impaired IL-10 production, 

which exacerbated intestinal inflammation194. Furthermore, it has been shown that these 

populations change during chemically induced colitis194. To assess changes in intestinal 

macrophage populations in HFD fed A/J mice, we used real time quantitative PCR to measure 

mRNA expression of the macrophage marker F4/80 and MCP-1 (Figure 29). Only the mice fed 

HFD + SS differed significantly in F4/80 gene expression from LFD. However, this did not  

 
Figure 29. Relative mRNA expression levels of the macrophage marker F4/80 and MCP-1 in the 

distal colonic mucosa of A/J mice. A mixture of the cDNA from all samples was used as the 

calibrator and normalized to β-actin to which all other groups were compared using the ΔΔCq 

method.  LFD = Low-fat diet control; HFD = High-fat diet control; LFD + SS = LFD with 1% 

sweet sorghum dermal layer extract (SS); HFD + SS = HFD with 1% SS. * Significant differences 

from LFD control (P < 0.05). 

 

seem to alter colonic inflammation as there was no change in colonic inflammatory marker gene 

expression. MCP-1 expression levels were unchanged across all treatment groups. Our data 

suggest that 9 wk of HFD does not alter lamina propria macrophages. 

We investigated the impact of HFD induced colitis on colonic barrier function by 

measuring occludin and ZO-1 mRNA expression levels by qPCR in A/J mice consuming LFD 
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and HFD. HFD has been previously shown to increase intestinal permeability via decreasing 

expression of tight junction proteins128. HFD has been demonstrated to induce changes in gut 

microbiota, leading to an increase in systemic lipopolysaccharide levels, activating toll-like 

receptors in epithelial and immunological cells of the mucosa195. This leads to altered barrier 

function causing inflammation in the lamina propria, which may lead to mesenteric fat 

inflammation196, and ultimately, systemic inflammation as observed by inflammation in liver and 

other organs195. Occludin and ZO-1 are proteins which help to form tight junctions between the 

intestinal epithelial cells. Figure 30 shows the relative mRNA expression for occludin and ZO-1. 

Occludin and ZO-1 levels were not changed by HFD or by the addition of SS to the diets of 

mice. Our data indicate that 9 wk of HFD with or without SS, does not alter colonic barrier 

function.  

Our results from the qPCR analysis of inflammatory markers, macrophage markers, and 

junction proteins demonstrate that a HFD in A/J mice does not alter inflammation in the colon 

after 10 wk of diet. This evidence supports recent investigations, which have indicated that a 

HFD in mice induces intestinal inflammation in the small intestine, but not the colon by 

increasing TNF levels191. 

4.4.4 Addition of Sweet Sorghum Ameliorates High-fat Diet Induced Increases in 

Systemic Oxidative Stress.  

Models of high-fat diet induced obesity, diabetes and hypertension have been shown to 

increase oxidative stress197,198. Isoprostanes are produced non-enzymatically by the sporadic 

oxidation of arachidonic acid in tissue phospholipid199. Therefore, isoprostanes are elevated 

during periods of oxidative stress. 8-isoprostane (8IP) is an isoprostane known to cause 
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Figure 30. Relative mRNA expression levels of the genes encoding the tight junction proteins 

occludin and ZO-1 in the distal colonic mucosa of A/J mice. The relative expression of each gene 

was normalized to β-actin. A mixture of the cDNA from all samples was used as the calibrator to 

which all other groups were compared using the ΔΔCq method. LFD = Low-fat diet control; HFD 

= High-fat diet control; LFD + SS = LFD with 1% sweet sorghum dermal layer extract (SS); HFD 

+ SS = HFD with 1% SS. 

 

pulmonary and renal vasoconstriction199. 8IP is also known to be increased in HFD models of 

obesity197,198 and increasing consumption of phenolic compounds have been shown to decrease 

oxidative stress as measured by 8IP200,201. We next hypothesized that HFD would cause systemic 

increases in oxidative stress of mice consuming HFD and that SS phenolics would ameliorate 

this increase. Oxidative stress was estimated by the presence of 8IP in mice plasma collected at 

the termination of the study. To our knowledge, this is the first study reporting 8IP plasma levels 

in the A/J background fed LFD and HFD. Figure 31 demonstrates the levels of plasma 8IP in A/J 

mice after 10 wk of study. In the LFD control fed animals, plasma 8-IP was approximately 200 

pg/ml in A/J mice. This is similar to plasma 8-IP levels reported in C57BL/KsJ wild type and 

diabetic db/db of approximately 200 pg/mL and 300 pg/mL, respectively202. HFD fed male and 

female A/J mice had approximately a 2.5-fold increase in plasma 8IP from control from 208 to 

505 pg/mL, which was significantly different from LFD control. This is in agreement with a 

study reporting that the levels of urinary 8-IP was about 3-fold higher in HFD fed rats after 16 
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wk feeding198. In comparison, mice fed HFD + SS had only a 1.4-fold increase in plasma 8IP 

levels (294 pg/mL), which was not statistically different from control (P = 0.351). Similar to 

those of Olayinka’s group182, who demonstrated sorghum leaf sheath extract dose-dependently 

decreased hepatic lipid peroxidation in rats with cadmium-induced oxidative stress, our findings 

support the use of SS as a source of dietary antioxidant with in vivo efficacy.  

 
Figure 31. Sweet sorghum extract ameliorates high-fat diet induced oxidative stress. Oxidative 

stress levels, as assessed by 8-Isoprostane (8-IP), were measured in the plasma collected from A/J 

mice at time of animal sacrifice. The levels of 8-IP were reported as pg of 8-IP per mL of plasma 

(pg/mL). Feeding of high-fat diet (HFD) elevated plasma 8-IP in mice from low-fat diet controls 

(LFD). Addition of 1% sweet sorghum dermal layer extract (SS) to HFD significantly improved 

8-IP levels, indicating its efficacy as an in vivo antioxidant. LFD = Low-fat diet control; HFD = 

High-fat diet control; LFD + SS = LFD with 1% sweet sorghum dermal layer extract (SS); HFD + 

SS = HFD with 1% SS. * Significantly different compared to LFD (P < 0.05). 

 

 In conclusion, ethanolic extract from the stalk of S. bicolor was well-tolerated in mice 

consuming HFD and LFD, as shown by feed intake, water intake, bodyweight and vital organ 

weights. HFD feeding did increase adiposity as measured by DEXA scanning. Addition of SS to 

diets proved to be neither pro- nor anti-obesogenic. HFD feeding resulted in non-significant 

increases in glucose tolerance, as measured by glucose tolerance test, in A/J mice. Furthermore, 

HFD feeding in A/J mice, did not cause changes in colonic inflammation, lamina propria 

macrophages, or intestinal permeability in the colonic mucosa, as determined from qPCR 



97 
 

analysis of mRNA gene expression. SS extract was further demonstrated to have in vivo 

antioxidant activity by reducing systemic levels of oxidative stress, as measured by 8-

isoprostane. This study supports the use of SS as a safe source of dietary antioxidant bioactive 

compounds.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

In this work, we investigated the use of sweet sorghum (Sorghum bicolor) biomass as a 

reservoir of human health-benefiting bioactive compounds in the context of the biorefinery 

approach to biofuel production. We explored the in vitro anticancer properties in colorectal 

cancer cell lines. While the use of aqueous acetone was the most effective extraction solvent for 

sweet sorghum bioactive compounds tested, aqueous ethanol, a GRAS alternative, proved to be 

nearly as efficient an extraction solvent. Furthermore, extracts from aqueous ethanol 

demonstrated greater antiproliferative activities in colon cancer cells, indicating that solvent 

selection is an important factor when extracting anticancer bioactive compounds. These 

investigations further elucidated strong antiproliferative and proapoptotic activities of sweet 

sorghum component with pith < leaf < dermal < seed head. Investigations into molecular 

mechanisms revealed dermal and seed head extracts to function partly through altering β-catenin 

and β-catenin’s down-stream prosurvival targets. This activity was deemed dependent upon 

functional p53 presence for dermal extract and partially p53-dependent for seed head extract.  

We also assessed in vivo bioactivity of the less consumed sweet sorghum stalk dermal 

layer component in a murine western style diet model of obesity and oxidative stress. Sweet 

sorghum dermal layer was well-tolerated in mice fed both high-fat and low-fat diets with extract 

at 1% w/w. This was indicated by normal levels of feed intake, water intake, body weight and 

organ weights in mice consuming dermal layer extract. Results further show that sweet sorghum 

dermal layer demonstrated antioxidant properties in mice fed high-fat diets for 10 weeks.   

Having demonstrated a wide range of bioactivity in vitro and in vivo in sweet sorghum 

biomass, further research is now needed to assess the safety and anticancer activities of these 

extracts in pre-clinical models of colorectal cancer. Two such models are the azoxymethane-
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induced sporadic colon cancer rodent model and the western diet induced sporadic colon cancer 

rodent model. With these and other models, it may be possible to elucidate in vivo anticancer 

activity of sweet sorghum extracts. They could further assess the molecular mechanisms 

responsible for the observed activities, such as the β-catenin signaling pathway, which we 

observed to be positively altered and associated with anticancer activity of sweet sorghum 

extracts in vitro. If proven successful, clinical trials would then be required. Further research is 

also needed for the scaling up and validation of extraction methods to be implemented in large 

scale production facilities to ensure minimal losses in bioactivity of sweet sorghum extracts. 

Such research would also provide much needed insights into the economical and cost-benefit 

assessments for sweet sorghum extract producers.  

In conclusion, sweet sorghum is an important agricultural crop with great promise for 

sustainable biofuel production. When implementing the biorefinery approach to biofuel 

production, the biomass from sweet sorghum may also serve as an important reservoir for 

bioactive compound for human health with anticancer and antioxidant properties.  

 

 

 

 

 

 

 

 

 

 

  



100 
 

REFERENCES 

 

 

1. Reddy, B. et al. Sweet sorghum: Food, feed, fodder, and fuel crop. 1–24 (2007). at 

<http://www.icrisat.org/Biopower/BVSReddyetalSweetSorghumBrochureJan2007.pdf> 

2. Zhao, Y. L. et al. Biomass yield and changes in chemical composition of sweet sorghum 

cultivars grown for biofuel. F. Crop. Res. 111, 55–64 (2009). 

3. Akande, I., Oseni, A. & Biobaku, O. Effects of aqueous extract of Sorghum bicolor on 

hepatic, histological and haematological indices in rats. J. Cell Anim. Biol. 4, 137–142 

(2010). 

4. Polycarpe Kayodé, A. P. et al. Uncommonly high levels of 3-deoxyanthocyanidins and 

antioxidant capacity in the leaf sheaths of dye sorghum. J. Agric. Food Chem. 59, 1178–

1184 (2011). 

5. Bröhan, M., Jerkovic, V. & Collin, S. Potentiality of red sorghum for producing 

stilbenoid-enriched beers with high antioxidant activity. J. Agric. Food Chem. 59, 4088–

4094 (2011). 

6. Awika, J. M., Rooney, L. W., Wu, X., Prior, R. L. & Cisneros-Zevallos, L. Screening 

methods to measure antioxidant activity of sorghum (sorghum bicolor) and sorghum 

products. J. Agric. Food Chem. 51, 6657–6662 (2003). 

7. Kwon, Y. S. & Kim, C. M. Antioxidant constituents from the stem of Sorghum bicolor. 

Arch. Pharm. Res. 26, 535–539 (2003). 

8. Yang, L., Browning, J. D. & Awika, J. M. Sorghum 3-deoxyanthocyanins possess strong 

phase II enzyme inducer activity and cancer cell growth inhibition properties. J. Agric. 

Food Chem. 57, 1797–1804 (2009). 

9. Kanno, S. I. et al. Inhibitory effects of naringenin on tumor growth in human cancer cell 

lines and sarcoma S-180-implanted mice. Biol. Pharm. Bull. 28, 527–530 (2005). 

10. Shih, C. H. et al. Quantitative analysis of anticancer 3-deoxyanthocyanidins in infected 

sorghum seedlings. J. Agric. Food Chem. 55, 254–259 (2007). 

11. Osada, M., Imaoka, S. & Funae, Y. Apigenin suppresses the expression of VEGF, an 

important factor for angiogenesis, in endothelial cells via degradation of HIF-1alpha 

protein. FEBS Lett. 575, 59–63 (2004). 

12. Ritter, K. B., McIntyre, C. L., Godwin, I. D., Jordan, D. R. & Chapman, S. C. An 

assessment of the genetic relationship between sweet and grain sorghums, within Sorghum 

bicolor ssp. bicolor (L.) Moench, using AFLP markers. Euphytica 157, 161–176 (2007). 



101 
 

13. Saballos, A. in Genet. Improv. Bioenergy Crop. (Vermerris, W.) 211–239 (Springer, 

2008). 

14. Yu, J., Zhang, T., Zhong, J., Zhang, X. & Tan, T. Biorefinery of sweet sorghum stem. 

Biotechnol. Adv. 30, 811–816 (2012). 

15. Cherubini, F. The biorefinery concept: using biomass instead of oil for producing energy 

and chemicals. Energy Convers. Manag. 51, 1412–1421 (2010). 

16. Ratnavathi, C. V., Chakravarthy, S. K., Komala, V. V., Chavan, U. D. & Patil, J. V. Sweet 

sorghum as feedstock for biofuel production: a review. Sugar Tech 13, 399–407 (2011). 

17. Duan, L. et al. Extraction of co-products from biomass: example of thermal degradation of 

silymarin compounds in subcritical water. Appl. Biochem. Biotechnol. 158, 362–373 

(2009). 

18. Dai, J. & Mumper, R. J. Plant phenolics: extraction, analysis and their antioxidant and 

anticancer properties. Molecules 15, 7313–7352 (2010). 

19. Reddy, L., Odhav, B. & Bhoola, K. D. Natural products for cancer prevention: a global 

perspective. Pharmacol. & Ther. 99, 1–13 (2003). 

20. Cancer Facts & Figures 2012. (2012). at 

<http://www.cancer.org/acs/groups/content/@epidemiologysurveilance/documents/docum

ent/acspc-031941.pdf> 

21. Ruhul Amin, A. R. M., Kucuk, O., Khuri, F. R. & Shin, D. M. Perspectives for cancer 

prevention with natural compounds. J. Clin. Oncol. 27, 2712–2725 (2009). 

22. Worthley, D. & Whitehall, V. Colorectal carcinogenesis: Road maps to cancer. World J. 

Gastroentero. 13, 3783–3908 (2007). 

23. Bienz, M. & Clevers, H. Linking colorectal cancer to Wnt signaling. Cell 103, 311–320 

(2000). 

24. Firestein, R. et al. CDK8 is a colorectal cancer oncogene that regulates beta-catenin 

activity. Nature 455, 547–551 (2008). 

25. Vousden, K. H. & Lu, X. Live or let die: the cell’s response to p53. Nat. Rev. Cancer 2, 

594–604 (2002). 

26. Longley, D. B., Harkin, D. P. & Johnston, P. G. 5-Fluorouracil: mechanisms of action and 

clinical strategies. Nat. Rev. Cancer 3, 330–338 (2003). 

27. Liu, R. Potential synergy of phytochemicals in cancer prevention: mechanism of action. J. 

Nutr. 134, 3479S–3485S (2004). 



102 
 

28. Gupta, K. et al. Green tea polyphenols induce p53-dependent and p53-independent 

apoptosis in prostate cancer cells through two distinct mechanisms. PLoS One 7, e52572 

(2012). 

29. Radhakrishnan, S., Reddivari, L., Sclafani, R., Das, U. N. & Vanamala, J. Resveratrol 

potentiates grape seed extract induced human colon cancer cell apoptosis. Front. Biosci. 

(Elite Ed) 3, 1509–1523 (2011). 

30. Humphries, A., Graham, T. A. & Mcdonald, S. A. C. in Inflamm. Gastrointest. Cancers 

(Jankowski, J. A. Z.) 185, 51–63 (Springer Berlin Heidelberg, 2011). 

31. Clarke, S. J. et al. Use of inflammatory markers to guide cancer treatment. Clin. 

Pharmacol. Ther. 90, 475–478 (2011). 

32. Balkwill, F. R. & Mantovani, A. Cancer-related inflammation: common themes and 

therapeutic opportunities. Semin. Cancer Biol. 22, 33–40 (2012). 

33. Terzić, J., Grivennikov, S., Karin, E. & Karin, M. Inflammation and colon cancer. 

Gastroenterology 138, 2101–2114 (2010). 

34. Pan, M. H., Lai, C. S., Dushenkov, S. & Ho, C. T. Modulation of inflammatory genes by 

natural dietary bioactive compounds. J. Agric. Food Chem. 57, 4467–4477 (2009). 

35. Mantovani, A., Allavena, P., Sica, A. & Balkwill, F. Cancer-related inflammation. Nature 

454, 436–444 (2008). 

36. Vanamala, J., Tarver, C. C. & Murano, P. S. Obesity-enhanced colon cancer: functional 

food compounds and their mechanisms of action. Curr. Cancer Drug Targets 8, 611–633 

(2008). 

37. Aleksandrova, K., Nimptsch, K. & Pischon, T. Obesity and colorectal cancer. Front. 

Biosci. (Elite Ed) 5, 61–77 (2013). 

38. De Pergola, G. & Silvestris, F. Obesity as a major risk factor for cancer. J. Obes. 2013, 1–

11 (2013). 

39. Jeong, W., Kim, I., Hu, R. & Kong, A. T. Modulatory properties of various natural 

chemopreventive agents on the activation of NF-kB signaling sathway. Pharm. Res. 21, 

661–670 (2004). 

40. Vanamala, J. et al. Suppression of colon carcinogenesis by bioactive compounds in 

grapefruit. Carcinogenesis 27, 1257–1265 (2006). 

41. Byun, S., Lee, K., Jung, S. & Lee, E. Luteolin inhibits protein kinase C epsilon and c-Src 

activities and UVB-induced skin cancer. Cancer Res. 70, 2415–2423 (2010). 



103 
 

42. Waniska, R. D. Structure, phenolic compounds, and antifungal proteins of sorghum 

caryopses. in Tech. Institutional Options Sorghum Grain Mold Manag. Proceeding an Int. 

Consult. (Chandrashekar, A., Bandyopadhaya, R. & Halll, A. J.) 72–106 (2000). at 

<http://www.icrisat.org/text/research/grep/homepage/sgmm/chapter4.pdf> 

43. Dolciotti, I., Mambelli, S., Grandi, S. & Venturi, G. Comparison of two sorghum 

genotypes for sugar and fiber production. Ind. Crops Prod. 7, 265–272 (1998). 

44. Billa, E., Koullas, D. P., Monties, B. & Koukios, E. G. Structure and composition of sweet 

sorghum stalk components. Ind. Crop. Prod. 6, 297–302 (1997). 

45. Bakeer, B., Taha, I., El-Mously, H. & Shehata, S. A. On the characterisation of structure 

and properties of sorghum stalks. Ain Shams Eng. J. 4, 265–271 (2013). 

46. Theerarattananoon, K. & Wu, X. Evaluation and characterization of sorghum biomass as 

feedstock for sugar production. T. ASABE 53, 509–525 (2011). 

47. Almodares, A. & Hadi, M. Production of bioethanol from sweet sorghum: a review. Afr. J. 

Agric. Res. 4, 772–780 (2009). 

48. Serna-Saldívar, S. O., Chuck-Hernández, C., Pérez-Carrillo, E. & Heredia-Olea, E. 

Sorghum as a multifunctional crop for the production of fuel ethanol: current status and 

future trends. 51–74 (InTech, 2012). 

49. Sikwese, F. Sorghum phenolic extracts: their storage stability and antioxidant activity in 

sunflower oil. (2005). 

50. Parr, A. J. & Bolwell, G. P. Phenols in the plant and in man. The potential for possible 

nutritional enhancement of the diet by modifying the phenols content or profile. J. Sci. 

Food Agric. 80, 985–1012 (2000). 

51. Cook, J. A. et al. Oxidative stress, redox, and the tumor microenvironment. Semin. Radiat. 

Oncol. 14, 259–66 (2004). 

52. Singleton, V., Orthofer, R. & Lameula-Raventós, M. Analysis of total phenols and other 

oxidation substrates and antioxidants by means of folin-ciocalteu reagent. Method. Enzym. 

299, 152–178 (1999). 

53. Blois, M. S. Antioxidant determination by the use of a stable free radical. Nature 181, 

1199–1200 (1958). 

54. Dykes, L., Rooney, L. W., Waniska, R. D. & Rooney, W. L. Phenolic compounds and 

antioxidant activity of sorghum grains of varying genotypes. J. Agric. Food Chem. 53, 

6813–6818 (2005). 



104 
 

55. Awika, J. M., Yang, L., Browning, J. D. & Faraj, A. Comparative antioxidant, 

antiproliferative and phase II enzyme inducing potential of sorghum (Sorghum bicolor) 

varieties. LWT - Food Sci. Technol. 42, 1041–1046 (2009). 

56. Ring, A. S., Waniska, R. D. & Rooney, L. W. Phenolic compounds in different sorghum 

tissues during maturation. Biomass 17, 39–49 (1988). 

57. Yang, C. S., Landau, J. M., Huang, M. T. & Newmark, H. L. Inhibition of carcinogenesis 

by dietary polyphenolic compounds. Annu. Rev. Nutr. 21, 381–406 (2001). 

58. Kobue-Lekalake, R. I., Taylor, J. & de Kock, H. L. Effects of phenolics in sorghum grain 

on its bitterness, astringency and other sensory properties. J. Sci. Food Agric. 87, 1940–

1948 (2007). 

59. Waniska, R. D., Poe, J. H. & Bandyopadhyay, R. Effects of growth conditions on grain 

molding and phenols in sorghum caryopsis. J. Cereal Sci. 10, 217–225 (1989). 

60. Woodhead, S. & Cooper-Driver, G. Phenolic acids and resistance to insect attack in 

Sorghum bicolor. Biochem. Syst. Ecol. 7, 309–310 (1979). 

61. Awika, J. M. & Rooney, L. W. Sorghum phytochemicals and their potential impact on 

human health. Phytochemistry 65, 1199–1221 (2004). 

62. Ferguson, L. R., Zhu, S. & Harris, P. J. Antioxidant and antigenotoxic effects of plant cell 

wall hydroxycinnamic acids in cultured HT-29 cells. Mol. Nutr. Food Res. 49, 585–593 

(2005). 

63. Guglielmi, F., Luceri, C., Giovannelli, L., Dolara, P. & Lodovici, M. Effect of 4-coumaric 

and 3,4-dihydroxybenzoic acid on oxidative DNA damage in rat colonic mucosa. Br. J. 

Nutr. 89, 581–587 (2003). 

64. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646–

74 (2011). 

65. Ho, K., Yazan, L. S., Ismail, N. & Ismail, M. Apoptosis and cell cycle arrest of human 

colorectal cancer cell line HT-29 induced by vanillin. Cancer Epidemiol. 33, 155–160 

(2009). 

66. Gupta, R. & DuBois, R. Colorectal cancer prevention and treatment by inhibition of 

cyclooxygenase-2. Nat. Rev. Cancer 1, (2001). 

67. Yip, E. C. H., Chan, A. S. L., Pang, H., Tam, Y. K. & Wong, Y. H. Protocatechuic acid 

induces cell death in HepG2 hepatocellular carcinoma cells through a c-Jun N-terminal 

kinase-dependent mechanism. Cell Biol. Toxicol. 22, 293–302 (2006). 



105 
 

68. Kampa, M. et al. Antiproliferative and apoptotic effects of selective phenolic acids on 

T47D human breast cancer cells: potential mechanisms of action. Breast Cancer Res. 6, 

R63–R74 (2004). 

69. Ross, J. a & Kasum, C. M. Dietary flavonoids: bioavailability, metabolic effects, and 

safety. Annu. Rev. Nutr. 22, 19–34 (2002). 

70. Njongmeta, N. Extractability profiling and antioxidant activity of flavonoids in sorghum 

grain and non-grain materials. East (2010). at 

<http://gradworks.umi.com/33/70/3370773.html> 

71. Awika, J. M., Rooney, L. W. & Waniska, R. D. Properties of 3-deoxyanthocyanins from 

sorghum. J. Agric. Food Chem. 52, 4388–4394 (2004). 

72. Rey, J., Pousset, J., Levesque, J. & Wanty. Isolation and composition of a natural dye 

from the stem of Sorghum bicolor (L) Moench Subsp Americanum-Caudatum. Cereal 

Chem. 70, 759–760 (1993). 

73. Zheng, P. W., Chiang, L. C. & Lin, C. C. Apigenin induced apoptosis through p53-

dependent pathway in human cervical carcinoma cells. Life Sci. 76, 1367–79 (2005). 

74. Dykes, L., Seitz, L. M., Rooney, W. L. & Rooney, L. W. Flavonoid composition of red 

sorghum genotypes. Food Chem. 116, 313–317 (2009). 

75. Liu, K. et al. Eriodictyol inhibits RSK2-ATF1 signaling and suppresses EGF-induced 

neoplastic cell transformation. J. Biol. Chem. 286, 2057–2066 (2011). 

76. Nip, W. & Burns, E. Pigment characterization in grain sorghum. l. red varieties. Cereal 

Chem. 46, 490–495 (1969). 

77. Gujer, R., Magnolato, D. & Self, R. Glucosylated flavonoids and other phenolic 

compounds from sorghum. Phytochemistry 25, 1431–1436 (1986). 

78. Awika, J. M., Dykes, L., Gu, L., Rooney, L. W. & Prior, R. L. Processing of sorghum 

(Sorghum bicolor) and sorghum products alters procyanidin oligomer and polymer 

distribution and content. J. Agric. Food Chem. 51, 5516–5521 (2003). 

79. Dykes, L. & Rooney, L. Sorghum and millet phenols and antioxidants. J. Cereal Sci. 44, 

236–251 (2006). 

80. Tessitore, L., Davit, A., Sarotto, I. & Caderni, G. Resveratrol depresses the growth of 

colorectal aberrant crypt foci by affecting bax and p21(CIP) expression. Carcinogenesis 

21, 1619–1622 (2000). 

81. Mohan, J. et al. Caspase-2 triggers Bax-Bak-dependent and -independent cell death in 

colon cancer cells treated with resveratrol. J. Biol. Chem. 281, 17599–17611 (2006). 



106 
 

82. Woo, H. J. et al. Apigeninidin induces apoptosis through activation of Bak and Bax and 

subsequent mediation of mitochondrial damage in human promyelocytic leukemia HL-60 

cells. Process Biochem. 47, 13–16 (2012). 

83. Nguyen, T. T. T. et al. Kaempferol-induced growth inhibition and apoptosis in A549 lung 

cancer cells is mediated by activation of MEK-MAPK. J. Cell. Physiol. 197, 110–121 

(2003). 

84. Gulati, N., Laudet, B., Zohrabian, V. M., Murali, R. & Jhanwar-Uniyal, M. The 

antiproliferative effect of quercetin in cancer cells is mediated via inhibition of the PI3K-

Akt/PKB pathway. Anticancer Res. 26, 1177–1181 (2006). 

85. Lee, S. B., Cha, K. H., Selenge, D., Solongo, A. & Nho, C. W. The chemopreventive 

effect of taxifolin is exerted through ARE-dependent gene regulation. Biol. Pharm. Bull. 

30, 1074–1079 (2007). 

86. McMillan, B., Riggs, D. R., Jackson, B. J., Cunningham, C. & McFadden, D. W. Dietary 

influence on pancreatic cancer growth by catechin and inositol hexaphosphate. J. Surg. 

Res. 141, 115–119 (2007). 

87. Baur, J. et al. Resveratrol improves health and survival of mice on a high-calorie diet. 

Nature 444, 337–342 (2006). 

88. Reuter, S., Gupta, S. C., Chaturvedi, M. M. & Aggarwal, B. B. Oxidative stress, 

inflammation, and cancer: how are they linked? Free Radic. Biol. Med. 49, 1603–1616 

(2010). 

89. Bayr, H. Reactive oxygen species. Crit. Care Med. 33, S498–S501 (2005). 

90. Yu, B. P. Cellular defenses against damage from reactive oxygen species. Physiol. Rev. 

74, 139–162 (1994). 

91. Panaro, M. A., Carofiglio, V., Acquafredda, A., Cavallo, P. & Cianciulli, A. Anti-

inflammatory effects of resveratrol occur via inhibition of lipopolysaccharide-induced NF-

κB activation in Caco-2 and SW480 human colon cancer cells. Br. J. Nutr. 1–10 (2012). 

doi:10.1017/S0007114511007227 

92. Ozben, T. Oxidative stress and apoptosis: impact on cancer therapy. 96, 2181–2196 

(2007). 

93. Loo, G. Redox-sensitive mechanisms of phytochemical-mediated inhibition of cancer cell 

proliferation (review). J. Nutr. Biochem. 14, 64–73 (2003). 

94. Kitagishi, Y. & Matsuda, S. Redox regulation of tumor suppressor PTEN in cancer and 

aging (review). Int. J. Mol. Med. 31, 511–515 (2013). 



107 
 

95. Juan, M. E., Wenzel, U., Daniel, H. & Planas, J. M. Resveratrol induces apoptosis through 

ROS-dependent mitochondria pathway in HT-29 human colorectal carcinoma cells. J. 

Agric. Food Chem. 56, 4813–4818 (2008). 

96. Jeong, J. C., Jang, S. W., Kim, T. H., Kwon, C. H. & Kim, Y. K. Mulberry fruit (Moris 

fructus) extracts induce human glioma cell death in vitro through ROS-dependent 

mitochondrial pathway and inhibits glioma tumor growth in vivo. Nutr. Cancer 62, 402–

12 (2010). 

97. Lin, S. S. et al. DNA damage and endoplasmic reticulum stress mediated curcumin-

induced cell cycle arrest and apoptosis in human lung carcinoma A-549 cells through the 

activation caspases cascade- and mitochondrial-dependent pathway. Cancer Lett. 272, 77–

90 (2008). 

98. Vargas, A. J. & Burd, R. Hormesis and synergy: pathways and mechanisms of quercetin 

in cancer prevention and management. Nutr. Rev. 68, 418–28 (2010). 

99. Oren, M. Decision making by p53: life, death and cancer. Cell Death Differ. 10, 431–442 

(2003). 

100. Stan, S. D., Kar, S., Stoner, G. D. & Singh, S. V. Bioactive food components and cancer 

risk reduction. J. Cell. Biochem. 104, 339–356 (2008). 

101. Widodo, N. et al. Selective killing of cancer cells by leaf extract of Ashwagandha: 

components, activity and pathway analyses. Cancer Lett. 262, 37–47 (2008). 

102. Tang, Y. Q., Jaganath, I. B. & Sekaran, S. D. Phyllanthus spp. induces selective growth 

inhibition of PC-3 and MeWo human cancer cells through modulation of cell cycle and 

induction of apoptosis. PLoS One 5, e12644 (2010). 

103. Iwasaki, H. et al. Tumor-selective cytotoxicity of benzo[c]phenanthridine derivatives from 

Toddalia asiatica Lam. Cancer Chemother. Pharmacol. 65, 719–26 (2010). 

104. The Alpha Tocopherol and Beta Carotene Cancer Prevention Study Group. The effect of 

vitamin E and beta carotene on the incidence of lung cancer and other cancers in male 

smokers. N. Engl. J. Med. 330, (1994). 

105. Sayin, V. I. et al. Antioxidants accelerate lung cancer progression in mice. Sci. Transl. 

Med. 6, 221ra15 (2014). 

106. Subbaramaiah, K. & Chung, W. Resveratrol inhibits cyclooxygenase-2 transcription and 

activity in phorbol ester-treated human mammary epithelial cells. J. Biol. Chem. 273, 

21875–21882 (1998). 

107. Lee, K. W., Bode, A. M. & Dong, Z. Molecular targets of phytochemicals for cancer 

prevention. Nat. Rev. Cancer 11, 211–218 (2011). 



108 
 

108. Kang, N. J. et al. Caffeic acid, a phenolic phytochemical in coffee, directly inhibits Fyn 

kinase activity and UVB-induced COX-2 expression. Carcinogenesis 30, 321–330 (2009). 

109. Marko, D., Puppel, N., Tjaden, Z., Jakobs, S. & Pahlke, G. The substitution pattern of 

anthocyanidins affects different cellular signaling cascades regulating cell proliferation. 

Mol. Nutr. Food Res. 48, 318–325 (2004). 

110. Dahl, J. & Greenson, J. in Histol. Pathol. Third Ed. (Mills, S.) 627–648 (Lippincott 

Williams and Wilkins, 2007). 

111. Large intestine. Br. Online Encycl. (2003). at 

<http://www.britannica.com/EBchecked/topic/330544/large-intestine> 

112. Botchkina, G. Colon cancer stem cells - from basic to clinical application. Cancer Lett. 

338, 127–140 (2012). 

113. Johnson, I. T. Anticarcinogenic effects of diet-related apoptosis in the colorectal mucosa. 

Food Chem. Toxicol. 40, 1171–1178 (2002). 

114. Huerta, S., Goulet, E. J. & Livingston, E. H. Colon cancer and apoptosis. Am. J. Surg. 

191, 517–526 (2006). 

115. Kris-Etherton, P. M. et al. Bioactive compounds in foods: their role in the prevention of 

cardiovascular disease and cancer. Am. J. Med. 113, 71–88 (2002). 

116. Büchner, F. L. et al. Variety in fruit and vegetable consumption and the risk of lung 

cancer in the European prospective investigation into cancer and nutrition. Cancer 

Epidemiol. Biomarkers Prev. 19, 2278–2286 (2010). 

117. Songserm, N. et al. Risk factors for cholangiocarcinoma in high-risk area of Thailand: role 

of lifestyle, diet and methylenetetrahydrofolate reductase polymorphisms. Cancer 

Epidemiol. 36, e89–e94 (2011). 

118. Zhang, S. & Hunter, D. Intakes of fruits, vegetables, and related nutrients and the risk of 

non-Hodgkin’s lymphoma among women. Cancer Epidemiol. Biomarkers Prev. 9, 477–

485 (2000). 

119. Thomson, J. A. et al. Embryonic stem cell lines derived from human blastocysts. Science. 

282, 1145–1147 (1998). 

120. Buss, E. & Ho, A. in Med. Biostat. Complex Dis. (Emmert-Streib, F. & Dehmer, M.) 25–

43 (Wiley-VCH, 2010). at 

<http://onlinelibrary.wiley.com/doi/10.1002/9783527630332.ch2/summary> 

121. Jordan, C. T., Guzman, M. L. & Noble, M. Cancer stem cells. N. Engl. J. Med. 355, 1253–

1261 (2006). 



109 
 

122. Li, L. & Neaves, W. B. Normal stem cells and cancer stem cells: the niche matters. 

Cancer Res. 66, 4553–4557 (2006). 

123. Tarapore, R. S., Siddiqui, I. A. & Mukhtar, H. Modulation of Wnt/β-catenin signaling 

pathway by bioactive food components. Carcinogenesis 33, 483–491 (2012). 

124. Fodde, R., Smits, R. & Clevers, H. APC, signal transduction and genetic instability in 

colorectal cancer. Nat. Rev. Cancer 1, 55–67 (2001). 

125. Vermeulen, L. et al. Wnt activity defines colon cancer stem cells and is regulated by the 

microenvironment. Nat. Cell Biol. 12, 468–476 (2010). 

126. Sarkar, F. H., Li, Y., Wang, Z. & Kong, D. The role of nutraceuticals in the regulation of 

Wnt and Hedgehog signaling in cancer. Cancer Metastasis Rev. 29, 383–394 (2010). 

127. Zeng, H. & Lazarova, D. L. Obesity-related colon cancer: dietary factors and their 

mechanisms of anticancer action. Clin. Exp. Pharmacol. Physiol. 39, 161–167 (2012). 

128. Frazier, T. H., DiBaise, J. K. & McClain, C. J. Gut microbiota, intestinal permeability, 

obesity-induced inflammation, and liver injury. J. Parenter. Enter. Nutr. 35, 14S–20S 

(2011). 

129. Kim, K. A., Gu, W., Lee, I. A., Joh, E. H. & Kim, D. H. High fat diet-induced gut 

microbiota exacerbates inflammation and obesity in mice via the TLR4 signaling pathway. 

PLoS One 7, e47713 (2012). 

130. Dolara, P. et al. Red wine polyphenols influence carcinogenesis, intestinal microflora, 

oxidative damage and gene expression profiles of colonic mucosa in F344 rats. Mutat. 

Res. 591, 237–246 (2005). 

131. Padidar, S. et al. High-fat diet alters gene expression in the liver and colon: links to 

increased development of aberrant crypt foci. Dig. Dis. Sci. 57, 1866–1874 (2012). 

132. Reya, T., Morrison, S. J., Clarke, M. F. & Weissman, I. L. Stem cells, cancer, and cancer 

stem cells. Nature 414, 105–111 (2001). 

133. Li, Y., Wicha, M. S., Schwartz, S. J. & Sun, D. Implications of cancer stem cell theory for 

cancer chemoprevention by natural dietary compounds. J. Nutr. Biochem. 22, 799–806 

(2011). 

134. Qiu, W. et al. Chemoprevention by nonsteroidal anti-inflammatory drugs eliminates 

oncogenic intestinal stem cells via SMAC-dependent apoptosis. Proc. Natl. Acad. Sci. U. 

S. A. 107, 20027–20032 (2010). 

135. Zhang, L. et al. Chemoprevention of colorectal cancer by targeting APC-deficient cells for 

apoptosis. Nature 464, 1058–1061 (2010). 



110 
 

136. Kallifatidis, G. et al. Sulforaphane increases drug-mediated cytotoxicity toward cancer 

stem-like cells of pancreas and prostate. Mol. Ther. 19, 188–195 (2011). 

137. Lin, L. et al. Targeting colon cancer stem cells using a new curcumin analogue, GO-

Y030. Brit. J. Cancer 105, 212–220 (2011). 

138. Li, Y. et al. Sulforaphane, a dietary component of broccoli/broccoli sprouts, inhibits breast 

cancer stem cells. Clin. Cancer Res. 16, 2580–2590 (2010). 

139. Milner, J. Molecular targets for bioactive food components. J. Nutr. 20852, 2492–2498 

(2004). 

140. Stoner, G. D. Foodstuffs for preventing cancer: the preclinical and clinical development of 

berries. Cancer Prev. Res. (Phila). 2, 187–194 (2009). 

141. Chen, T. et al. Randomized phase II trial of lyophilized strawberries in patients with 

dysplastic precancerous lesions of the esophagus. Cancer Prev. Res. (Phila). 5, 41–50 

(2012). 

142. Jacobs, D. R., Gross, M. D. & Tapsell, L. C. Food synergy: an operational concept for 

understanding nutrition. Am. J. Clin. Nutr. 89, 1543S (2009). 

143. Johnson, M. & Pace, R. D. Sweet potato leaves: properties and synergistic interactions 

that promote health and prevent disease. Nutr. Rev. 68, 604–615 (2010). 

144. Tsvetkov, P. et al. Inhibition of NAD(P)H:quinone oxidoreductase 1 activity and 

induction of p53 degradation by the natural phenolic compound curcumin. Proc. Natl. 

Acad. Sci. USA 102, 5535–5540 (2005). 

145. Bitarte, N. et al. MicroRNA-451 is involved in the self-renewal, tumorigenicity, and 

chemoresistance of colorectal cancer stem cells. Stem Cells 29, 1661–1671 (2011). 

146. Reddivari, L., Hale, A. & Miller, J. Determination of phenolic content, composition and 

their contribution to antioxidant activity in specialty potato selections. Am. J. Potato Res. 

84, 275–282 (2007). 

147. Ottinger, S. et al. Targeting of pancreatic and prostate cancer stem cell characteristics by 

Crambe crambe marine sponge extract. Int. J. Cancer 130, 1671–1681 (2012). 

148. Apel, A., Herr, I., Schwarz, H., Rodemann, H. P. & Mayer, A. Blocked autophagy 

sensitizes resistant carcinoma cells to radiation therapy. Cancer Res. 68, 1485–1494 

(2008). 

149. Zeki, S. S., Graham, T. A. & Wright, N. A. Stem cells and their implications for colorectal 

cancer. Nat. Rev. Gastroent. hepatol. 8, 90–100 (2011). 



111 
 

150. Kim, H. et al. Induction of apoptosis by ethanolic extract of mango peel and comparative 

analysis of the chemical constitutes of mango peel and flesh. Food Chem. 133, 416–422 

(2012). 

151. Turkmen, N., Sari, F. & Velioglu, Y. S. Effects of extraction solvents on concentration 

and antioxidant activity of black and black mate tea polyphenols determined by ferrous 

tartrate and Folin–Ciocalteu methods. Food Chem. 99, 835–841 (2006). 

152. Seeram, N. P., Adams, L. S., Hardy, M. L. & Heber, D. Total cranberry extract versus its 

phytochemical constituents: antiproliferative and synergistic effects against human tumor 

cell lines. J. Agric. Food Chem. 52, 2512–2517 (2004). 

153. Jemal, A., Bray, F. & Ferlay, J. Global cancer statistics. CA. Cancer J. Clin. 61, 69–90 

(2011). 

154. Damalas, a et al. Excess beta-catenin promotes accumulation of transcriptionally active 

p53. EMBO J. 18, 3054–3063 (1999). 

155. Sadot, E. & Geiger, B. Down-regulation of β-catenin by activated p53. Mol. Cell. Biol. 21, 

6768–6780 (2001). 

156. Liu, C. et al. Control of beta-catenin phosphorylation/degradation by a dual-kinase 

mechanism. Cell 108, 837–847 (2002). 

157. Jope, R. & Johnson, G. The glamour and gloom of glycogen synthase kinase-3. Trends 

Biochem. Sci. 29, 95–102 (2004). 

158. Pandey, P. R. et al. Resveratrol suppresses growth of cancer stem-like cells by inhibiting 

fatty acid synthase. Breast Cancer Res. Treat. 130, 387–398 (2011). 

159. Massey, A. R., Reddivari, L. & Vanamala, J. The dermal layer of sweet sorghum 

(Sorghum bicolor) stalk, a byproduct of biofuel production and source of unique 3-

deoxyanthocyanidins, has more antiproliferative and proapoptotic activity than the pith in 

p53 variants of HCT116 and colon cancer stem cel. J. Agric. food Chem. (2014). 

doi:10.1021/jf405415u 

160. Reddivari, L., Vanamala, J., Chintharlapalli, S., Safe, S. H. & Miller, J. C. Anthocyanin 

fraction from potato extracts is cytotoxic to prostate cancer cells through activation of 

caspase-dependent and caspase-independent pathways. Carcinogenesis 28, 2227–2235 

(2007). 

161. Madiwale, G. P., Reddivari, L., Holm, D. G. & Vanamala, J. Storage elevates phenolic 

content and antioxidant activity but suppresses antiproliferative and pro-apoptotic 

properties of colored-flesh potatoes against human colon cancer cell lines. J. Agric. Food 

Chem. 59, 8155–8166 (2011). 



112 
 

162. Sereme, A., Kouda-Bonafos, M. & Nacro, M. Phenolic compounds in Sorghum caudatum 

tissues during plant development. Biomass and Bioenergy 4, 69–71 (1993). 

163. Price, M., Stromberg, A. & Butler, L. Tannin content as a function of grain maturity and 

drying conditions in several varieties of Sorghum bicolor (L.) Moench. J. Agric. Food 

Chem. 27, 1270–1274 (1979). 

164. Tipton, K. W., Floyd, E. H., Marshall, J. G. & McDevitt, J. B. Resistance of certain grain 

sorghum hybrids to bird damage in Louisiana. Agron. J. 62, 211–213 (1970). 

165. Reed, J. D., Tedla, A. & Kebede, Y. Phenolics, fibre and fibre digestibility in the crop 

residue from bird resistant and non-bird resistant sorghum varieties. J. Sci. Food Agric. 

39, 113–121 (1987). 

166. Kingsnorth, A., Russell, W. & McCann, P. Effects of α-difluoromethylornithine and 5-

fluorouracil on the proliferation of a human colon adenocarcinoma cell line. Cancer Res. 

43, 4035–4038 (1983). 

167. Maas, I., Boven, E., Pinedo, H., Schlüper, H. & Haisma, H. The effects of γ-interferon 

combined with 5-fluorouracil or 5-fluoro-2′-deoxyuridine on proliferation and antigen 

expression in a panel of human colorectal cancer cell lines. Int. J. cancer 48, 749–756 

(1991). 

168. Shin, Y. K. et al. Down-regulation of mitochondrial F1F0-ATP synthase in human colon 

cancer cells with induced 5-fluorouracil resistance. Cancer Res. 65, 3162–3170 (2005). 

169. Svensson, L., Sekwati-Monang, B., Lutz, D. L., Schieber, A. & Gänzle, M. G. Phenolic 

acids and flavonoids in nonfermented and fermented red sorghum (Sorghum bicolor (L.) 

Moench). J. Agric. Food Chem. 58, 9214–9220 (2010). 

170. Turktekin, M. et al. Evaluation of the effects of the flavonoid apigenin on apoptotic 

pathway gene expression on the colon cancer cell line (HT29). J. Med. Food 14, 1107–

1117 (2011). 

171. Lim, D. Y., Jeong, Y., Tyner, A. L. & Park, J. H. Y. Induction of cell cycle arrest and 

apoptosis in HT-29 human colon cancer cells by the dietary compound luteolin. Am. J. 

Physiol. Gastrointest. Liver Physiol. 292, G66–G75 (2007). 

172. Calligaris, S. D. et al. Mice long-term high-fat diet feeding recapitulates human 

cardiovascular alterations: an animal model to study the early phases of diabetic 

cardiomyopathy. PLoS One 8, e60931 (2013). 

173. Shoelson, S. E., Herrero, L. & Naaz, A. Obesity, inflammation, and insulin resistance. 

Gastroenterology 132, 2169–2180 (2007). 



113 
 

174. Chuang, C. C. & McIntosh, M. K. Potential mechanisms by which polyphenol-rich grapes 

prevent obesity-mediated inflammation and metabolic diseases. Annu. Rev. Nutr. 31, 155–

176 (2011). 

175. Matsuzawa-Nagata, N. et al. Increased oxidative stress precedes the onset of high-fat diet-

induced insulin resistance and obesity. Metabolism. 57, 1071–1077 (2008). 

176. Grundy, S. M. Metabolic syndrome pandemic. Arterioscler. Thromb. Vasc. Biol. 28, 629–

636 (2008). 

177. Lin, M., Hsu, P. & Yin, M. Protective effects of Houttuynia cordata aqueous extract in 

mice consuming a high saturated fat diet. Food Funct. 4, 322–327 (2013). 

178. Hsu, C. L. & Yen, G. C. Effect of gallic acid on high fat diet-induced dyslipidaemia, 

hepatosteatosis and oxidative stress in rats. Br. J. Nutr. 98, 727–735 (2007). 

179. Moraes, É. A. et al. Sorghum genotype may reduce low-grade inflammatory response and 

oxidative stress and maintains jejunum morphology of rats fed a hyperlipidic diet. Food 

Res. Int. 49, 553–559 (2012). 

180. Burdette, A. et al. Anti-inflammatory activity of select sorghum (Sorghum bicolor) brans. 

J. Med. Food 13, 879–887 (2010). 

181. Benson, K. F. et al. West African Sorghum bicolor leaf sheaths have anti-inflammatory 

and immune-modulating properties in vitro. J. Med. Food 16, 230–238 (2013). 

182. Olayinka, E., Ore, A. & Akinnawo, O. Protective role of ethanolic extract of Sorghum 

bicolor leaf sheath against cadmium-induced oxidative stress in rats. Int. J. Biomed. Res. 

2, 254–260 (2011). 

183. Nwinyi, F. & Kwanashie, H. Evaluation of aqueous methanolic extract of Sorghum 

bicolor leaf base for antinociceptive and antiinflammatory activities. African J. 

Biotechnol. 8, 4642–4649 (2009). 

184. Andrikopoulos, S., Blair, A. R., Deluca, N., Fam, B. C. & Proietto, J. Evaluating the 

glucose tolerance test in mice. Am. J. Physiol. Endocrinol. Metab. 295, E1323–E1332 

(2008). 

185. Nwinyi, F., Kwanashie, H., Ahmad, A. & Odama, L. Evaluation of toxicity profile of leaf 

base extract of Sorghum bicolor in rat. African J. Biotechnol. 8, 334–342 (2009). 

186. Shim, T. J., Kim, T. M., Jang, K. C., Ko, J. Y. & Kim, D. J. Toxicological evaluation and 

anti-inflammatory activity of a golden gelatinous sorghum bran extract. Biosci. 

Biotechnol. Biochem. 77, 697–705 (2013). 



114 
 

187. Nagaoka, T., Onodera, H., Hayashi, Y. & Maekawa, A. Influence of high-fat diets on the 

occurence of spontaneous uterine endometrial adenocarcinomas in rats. Teratog. 

Carcinog. Mutagen. 15, 167–177 (2005). 

188. Pettersson, U. S., Waldén, T. B., Carlsson, P. O., Jansson, L. & Phillipson, M. Female 

mice are protected against high-fat diet induced metabolic syndrome and increase the 

regulatory T cell population in adipose tissue. PLoS One 7, e46057 (2012). 

189. Hong, J., Stubbins, R. E., Smith, R. R., Harvey, A. E. & Núñez, N. P. Differential 

susceptibility to obesity between male, female and ovariectomized female mice. Nutr. J. 8, 

(2009). 

190. Riant, E. et al. Estrogens protect against high-fat diet-induced insulin resistance and 

glucose intolerance in mice. Endocrinology 150, 2109–2117 (2009). 

191. Ding, S. et al. High-fat diet: bacteria interactions promote intestinal inflammation which 

precedes and correlates with obesity and insulin resistance in mouse. PLoS One 5, e12191 

(2010). 

192. Lam, Y. Y. et al. Increased gut permeability and microbiota change associate with 

mesenteric fat inflammation and metabolic dysfunction in diet-induced obese mice. PLoS 

One 7, e34233 (2012). 

193. Denning, T. L., Wang, Y., Patel, S. R., Williams, I. R. & Pulendran, B. Lamina propria 

macrophages and dendritic cells differentially induce regulatory and interleukin 17-

producing T cell responses. Nat. Immunol. 8, 1086–94 (2007). 

194. Takada, Y. et al. Monocyte chemoattractant protein-1 contributes to gut homeostasis and 

intestinal inflammation by composition of IL-10-producing regulatory macrophage subset. 

J. Immunol. 184, 2671–2676 (2010). 

195. Li, H. et al. Intestinal, adipose, and liver inflammation in diet-induced obese mice. 

Metabolism. 57, 1704–1710 (2008). 

196. Lam, Y. Y. et al. Role of the gut in visceral fat inflammation and metabolic disorders. 

Obesity (Silver Spring). 19, 2113–2120 (2011). 

197. Sandu, O. et al. Insulin resistance and type 2 diabetes in high-fat-fed mice are linked to 

high glycotoxin intake. Diabetes 54, 2314–2319 (2005). 

198. Dobrian, A., Davies, M. & Schriver, S. Oxidative stress in a rat model of obesity-induced 

hypertension. Hypertension 37, 554–560 (2001). 

199. Dalle-Donne, I., Rossi, R., Colombo, R., Giustarini, D. & Milzani, A. Biomarkers of 

oxidative damage in human disease. Clin. Chem. 52, 601–623 (2006). 



115 
 

200. Jalil, A. M. M., Ismail, A., Pei, C. P., Hamid, M. & Kamaruddin, S. H. S. Effects of cocoa 

extract on glucometabolism, oxidative stress, and antioxidant enzymes in obese-diabetic 

(Ob-db) rats. J. Agric. Food Chem. 56, 7877–7884 (2008). 

201. Zern, T., Wood, R., Greene, C. & West, K. Grape polyphenols exert a cardioprotective 

effect in pre-and postmenopausal women by lowering plasma lipids and reducing 

oxidative stress. J. Nutr. 135, 1911–1917 (2005). 

202. Bagi, Z., Koller, A. & Kaley, G. PPARgamma activation, by reducing oxidative stress, 

increases NO bioavailability in coronary arterioles of mice with Type 2 diabetes. Am. J. 

Physiol. Heart Circ. Physiol. 286, H742–H748 (2004).  

 


