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Abstract 

Many functional food related bioactive compounds have been discovered and draw the 

attention of scientists. This dissertation focused on sorghum phenolic compounds and omega-3 

polyunsaturated fatty acids. 

Study 1: phenolic agents in plant foods have been associated with chronic disease 

prevention, especially cancer. However, a direct evidence and the underlying mechanisms are 

mostly unknown. This study selected 13 sorghum accessions and was aim to investigate: (1) the 

effect of extracted sorghum phenolics on inhibiting cancer cell growth using hepatocarcinoma 

HepG2 and colorectal adenocarcinoma Caco-2 cell lines; (2) and the underlying mechanisms 

regarding cytotoxicity, cell cycle interruption, and apoptosis induction. Treatment of HepG2 and 

Caco-2 cells with the extracted phenolics at 0-200 M GAE (Gallic acid equivalent) up to 72 hrs 

resulted in a dose- and time-dependent reduction in cell number. The underlying mechanism of 

cell growth inhibition was examined by flow cytometry, significant inverse correlations were 

observed between the decreased cell number and increased cell cycle arrest at G2/M or induced 

apoptosis cells in both HepG2 and Caco-2 cells. The cytotoxic assay showed that the sorghum 

phenolic extracts were non-toxic. Although it was less sensitive, a similar inhibitory impact and 

underlying mechanisms were found in Caco-2 cells. These results indicated for the 1st time that a 

direct inhibition of either HepG2 or Caco-2 cell growth by phenolic extracts from13 selected 

sorghum accessions was due to cytostatic and apoptotic but not cytotoxic mechanisms. In 

addition, these findings suggested that sorghum be a valuable functional food by providing 

sustainable phenolics for potential cancer prevention. 

Study 2: omega-3 polyunsaturated fatty acids (ω-3 PUFAs) especially long-chain ω-3 

PUFAs, have been associated with potential health benefits in chronic disease prevention. 



 

 

However, the conversion rate from short- to long-chain ω-3 PUFAs is limited in human body. 

This study was aim to assess the modification of fatty acid profiles as well as investigate the 

conversion of short- to long-chain ω-3 PUFAs in the liver of Shan Partridge duck after feeding 

various dietary fats. The experimental diets substituted the basal diet by 2% of flaxseed oil, 

rapeseed oil, beef tallow, or fish oil, respectively. As expected, the total ω-3 fatty acids and the 

ratio of total ω-3/ ω-6 significantly increased in both flaxseed and fish oil groups when compared 

with the control diet. No significant change of total saturated fatty acids or ω-3 fatty acids was 

found in both rapeseed and beef tallow groups. Short-chain ω-3 α-linolenic acid (ALA) in 

flaxseed oil-fed group was efficiently converted to long-chain ω-3 docosahexaenoic acid (DHA) 

in the duck liver. This study showed the fatty acid profiling in the duck liver after various dietary 

fat consumption, provided insight into a dose response change of ω-3 fatty acids, indicated an 

efficient conversion of short- to long-chain ω-3 fatty acid, and suggested alternative long-chain 

ω-3 fatty acid-enriched duck products for human health benefits. 

             In conclusion, the two studies in this dissertation provided a fundamental understanding 

of anti-cancer activity by sorghum phenolic extracts and the conversion of short- to long-chain 

ω-3 PUFAs in duck liver, contribute to a long term goal of promoting sorghum and duck as 

sustainable phenolic and ω-3 PUFAs sources as well as healthy food products for human beings. 
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Abstract 

Many functional food related bioactive compounds have been discovered and draw the 

attention of scientists. This dissertation focused on sorghum phenolic compounds and omega-3 

polyunsaturated fatty acids. 

Study 1: phenolic agents in plant foods have been associated with chronic disease 

prevention, especially cancer. However, a direct evidence and the underlying mechanisms are 

mostly unknown. This study selected 13 sorghum accessions and was aim to investigate: (1) the 

effect of extracted sorghum phenolics on inhibiting cancer cell growth using hepatocarcinoma 

HepG2 and colorectal adenocarcinoma Caco-2 cell lines; (2) and the underlying mechanisms 

regarding cytotoxicity, cell cycle interruption, and apoptosis induction. Treatment of HepG2 and 

Caco-2 cells with the extracted phenolics at 0-200 M GAE (Gallic acid equivalent) up to 72 hrs 

resulted in a dose- and time-dependent reduction in cell number. The underlying mechanism of 

cell growth inhibition was examined by flow cytometry, significant inverse correlations were 

observed between the decreased cell number and increased cell cycle arrest at G2/M or induced 

apoptosis cells in both HepG2 and Caco-2 cells. The cytotoxic assay showed that the sorghum 

phenolic extracts were non-toxic. Although it was less sensitive, a similar inhibitory impact and 

underlying mechanisms were found in Caco-2 cells. These results indicated for the 1st time that a 

direct inhibition of either HepG2 or Caco-2 cell growth by phenolic extracts from13 selected 

sorghum accessions was due to cytostatic and apoptotic but not cytotoxic mechanisms. In 

addition, these findings suggested that sorghum be a valuable functional food by providing 

sustainable phenolics for potential cancer prevention. 

Study 2: omega-3 polyunsaturated fatty acids (ω-3 PUFAs) especially long-chain ω-3 

PUFAs, have been associated with potential health benefits in chronic disease prevention. 



 

 

However, the conversion rate from short- to long-chain ω-3 PUFAs is limited in human body. 

This study was aim to assess the modification of fatty acid profiles as well as investigate the 

conversion of short- to long-chain ω-3 PUFAs in the liver of Shan Partridge duck after feeding 

various dietary fats. The experimental diets substituted the basal diet by 2% of flaxseed oil, 

rapeseed oil, beef tallow, or fish oil, respectively. As expected, the total ω-3 fatty acids and the 

ratio of total ω-3/ ω-6 significantly increased in both flaxseed and fish oil groups when compared 

with the control diet. No significant change of total saturated fatty acids or ω-3 fatty acids was 

found in both rapeseed and beef tallow groups. Short-chain ω-3 α-linolenic acid (ALA) in 

flaxseed oil-fed group was efficiently converted to long-chain ω-3 docosahexaenoic acid (DHA) 

in the duck liver. This study showed the fatty acid profiling in the duck liver after various dietary 

fat consumption, provided insight into a dose response change of ω-3 fatty acids, indicated an 

efficient conversion of short- to long-chain ω-3 fatty acid, and suggested alternative long-chain 

ω-3 fatty acid-enriched duck products for human health benefits. 

In conclusion, the two studies in this dissertation provided a fundamental understanding 

of anti-cancer activity by sorghum phenolic extracts and the conversion of short- to long-chain 

ω-3 PUFAs in duck liver, contribute to a long term goal of promoting sorghum and duck as 

sustainable phenolic and ω-3 PUFAs sources as well as healthy food products for human beings. 
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Chapter 1 - Literature review 

Summary 

Functional food related bioactive compounds such as omega-3 polyunsaturated fatty acids 

(PUFAs) and phenolic compounds are reported to have the potential to provide health benefits to 

human beings. Compelling data shows they are associated with chronic diseases including 

cardiovascular disease, inflammatory diseases, type-2 diabetes, and cancers etc. However, humans 

cannot synthesis omega-3 polyunsaturated fatty acids or phenolic compounds in their body, these 

compounds must be obtained from foods. This review falls into two parts: 1) the first part reviews 

the background information of sorghum phenolic compounds, associated cancer prevention 

mechanisms, and effect on cancer cells in vitro; 2) the second part introduces some background 

information of omega-3 polyunsaturated fatty acids, their health benefits and the mechanism of 

the conversion from short- to long- chain omega-3 PUFAs followed by their application in animal 

models in vivo especially duck model.  

Part 1 Sorghum phenolic compounds, their anti-cancer mechanisms and effect 

of on cancer cells in vitro 

 Sorghum phenolic compounds 

Phenolic compounds are phytochemicals possessing one or more aromatic rings with one 

or more hydroxyl groups. They are broadly distributed in the plant kingdom and are the most 

abundant secondary metabolites of plants, with more than 8,000 phenolic structures currently 

known, ranging from simple molecules such as phenolic acids to highly polymerized substances 

such as tannins. Plant phenolics include phenolic acids, flavonoids, tannins (Figure 1-1) and the 

less common stilbenes and lignans (Figure 1-2).1 
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Sorghum is a major cereal food crop used in many parts of the world. Sorghum caryopsis 

consists of three distinct anatomical components (Figure 1-3)2: pericarp (outer layer), endosperm 

(storage tissue), and germ (embryo). All sorghums contain phenolic compounds, the amount 

present in any particular cultivar is influenced by its genotype and the environment in which it is 

grown. In addition, these same factors affect the color, appearance, and nutritional quality of the 

grain and its products.3 Among cereals, sorghum has the highest content of phenolic compounds 

reaching up to 6% (w/w) in some varieties.4,5 Sorghums with a pigmented testa and spreader genes 

(B1B2S) or with purple/red plants and thick pericarp genes have the highest levels of phenolic 

compounds.3 The main classes of sorghum phenolic compounds are simple phenols, 

hydroxybenzoic acids, hydroxycinnamic acids, flavonoids (flavanols, flavones, flavanones, 

isoflavones and anthocyanins), chalcones, aurones (hispidol), hydroxycoumarins, lignans, 

hydroxystilbenes and polyflavans (proanthocyanidins and pro- deoxyanthocyanidins).6,7 These 

compounds are soluble in water or organic solvents (methanol, HCl-methanol, acetone, 

dimethylformamide, etc.). Lignans and hydroxystilbenes have not been detected in sorghum 

grain.5 

Simple phenols and phenolic acids 

Simple phenols are relatively rare in plants. Catechol and resorcinol were reported in 

sorghum grain,8,9 these compounds are undesired in food products because they are carcinogenic, 

hepatotoxic and goitrogenic.10 The phenolic acids of sorghum are largely exist as benzoic or 

cinnamic acid derivatives (hydroxybenzoates and hydroxycinnamates) (Figure 1-4), they are 

mostly found in free form or bound as esters, and are concentrated in the bran (outer covering of 

grain), and mostly in bound forms (esterified to cell wall polymers), with ferulic acid being the 

most abundant bound phenolic acid in sorghum.11 Several other phenolic acids also have been 
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identified in sorghum including syringic, protocatechuic, caffeic, p-coumaric, and sinapic.12 

Flavonoids 

Flavonoids constitute the largest class of phenolic compounds with more than 3000 

structures, possessing in common a flavylium unit (C6-C3-C6).13 Sorghum contains flavonoids 

such as flavanols (flavan-3-ols, flavan-4-ols, etc., Figure 1-5), flavanones, flavones and 

anthocyanins.14 The flavan-4-ols apiforol (pro-apigeninidin or leuco-apigeninidin) and tuteoforol 

(proluteolinidin or leuco-luteolinidin) are abundant in sorghum,15 and precursors of apigeninidin 

and luteolinidin, respectively.16 Sorghums with a black pericarp have higher levels flavan-4-ols 

and anthocyanins than the other varieties.3,17 The most common anthocyanins in sorghum are the 

3-deoxyanthocyanidins, which include apigeninidin and luteolinidin (Figure 1-6).18 The red color 

of the grain’s pericarp is essentially due to the presence of 3-deoxyanthocyanidins.19 The 3-

deoxyanthocyanidins (3-DAs), are particularly abundant in notably red sorghum grain,15 but rare 

or absent in other plants.14,20,21 3-DAs are of interest because they are more stable in organic 

solvents as well as in acidic solutions than anthocyanidins commonly found in fruits, vegetables 

and other cereals.20,21 This has been suggested as a potential advantage of sorghum as a viable 

commercial source of anthocyanins.14 

Condensed tannins 

Tannins of sorghum are almost exclusively of the ‘‘condensed’’ type. They are mainly 

polymerized products of flavan-3-ols (proanthocyanidins) and/or flavan-3,4-diols (pro-3-

deoxyanthocyanidins, Figure 1-7).14 No sorghum varieties contain tannic acid and hydrolysable 

tannins.5 Sorghum proanthocyanidins consist of flavan-3-ol units linked by C-C (type B 

proanthocyanidins) and occasionally C-O-C (type A proanthocyanidins) bonds ranging from one 

to fifteen.7,14 The most abundant condensed tannins in sorghum are homopolymers of 
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catechin/epicatechin with uniform B-type interflavan bonds,7 however, not all sorghum varieties 

contain these because their content is genetically governed by B1-B2 genes.22 In general, varieties 

with pigmented testa layers contain proanthocyanidins.15,23 The main pro-deoxyanthocyanidins 

found in sorghum are pro-apigeninidins and pro-luteolinidins (Figure 1-7). Although present in 

sorghum, these compounds are very rare in other plants. Hydrolysis of pro- apigeninidins and pro-

luteolinidins yields apigeninidins and luteolinidins, respectively.24 

 Cancer prevention mechanism of phenolic compounds 

Phenolic agents in plant foods have been associated with chronic disease prevention, 

especially cancer. It was found that in addition to their antioxidant activity, this group of 

compounds displays a wide variety of biological functions which are mainly related to modulation 

of carcinogenesis. To understand the mechanisms of action of phenolic compounds in preventing 

cancer, first we need to know how cancer arises. 

Causes of cancer 

Cancer development is a multistage process that involves a series of individual steps 

including initiation, promotion, progression, invasion and metastasis. Tumor initiation begins 

when DNA, in a cell or population of cells, is damaged by exposure to carcinogens, which are 

derived from three major sources: cigarette smoking, infection/inflammation, and nutrition/diet.25 

The process of carcinogenesis can be broadly categorized into three distinct phases: tumor 

initiation, promotion and progression. Genetic mutation take place when DNA damage escapes 

repairing. The resulting somatic mutation in a damaged cell can be reproduced during mitosis, 

which given rise to a clone of mutated cells. Tumor promotion is a selective clonal expansion of 

the initiated cells to form an actively proliferating multi-cellular premalignant tumor cell 

population. It is an interruptible or reversible and long term process. During progression, 
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premalignant cells developed into tumors through a process of clonal expansion. In the late stages 

of cancer development, invasion and metastasis happens, where tumor cells detach from the 

primary tumor mass, migrate through surrounding tissues toward blood vessels or lymphatic 

vessels, and create a second lesion. Metastasis is the major cause of cancer mortality. It is widely 

accepted that human cancer development does not occur through these discrete phases in a 

predictable manner, rather it is best characterized as an accumulation of alteration in cancer 

regulating genes,26 such as oncogenes, tumor suppressor genes, resulting in altered cellular 

processes, namely, decreased apoptosis, increased proliferation, and cell maturation and 

differentiation.  

Phenolic compounds, appear to play a significant role in suppressing all three stages of 

tumor formation and metastasis, including the transformative, hyper-proliferative and 

inflammatory processes involved in initiation, the angiogenic processes required for tumor growth 

as well as the vascular adhesive properties necessary for metastasis or tumor dispersion.27 

Mechanisms of phenolic compounds in cancer prevention 

Alteration of pro-carcinogenic metabolism by phenolics 

In the initiation stage, phenolics may inhibit activation of procarcinogens by inhibiting 

phase I metabolizing enzymes, such as cytochrome P45028 and also facilitate detoxifying and 

elimination of the carcinogens by induction of phase II metabolizing enzymes such as glutathione 

S-transferase (GST), NAD(P)H quinine oxidoreductase (NQO), and UDP-glucuronyl- transferase 

(UGT).29 They may also limit the formation of the initiated cells by stimulating DNA repair.30 

          Phenolics as potent antioxidants in oxidation 

ROS/RNS are constantly produced during normal cellular metabolism or by other 

exogenous means including the metabolism of environmental toxins or carcinogens, by ionizing 
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radiation and by phagocytic cells involved in the inflammatory response. When the cellular 

concentration of oxidant species is increased to an extent that overcome the endogenous 

antioxidant defense system, oxidative stress occurs, leading to lipid, protein, and DNA damage. In 

addition, ROS, particularly H2O2, are potent regulators of cell replication and play an important 

role in signal transduction.31 Hence, oxidative damage is considered a main factor contributing to 

carcinogenesis and evolution of cancer. Numerous dietary phenolics are potent antioxidants, 

capable of scavenging deleterious reactive species such as superoxide anions, singlet oxygen 

hydroxy radicals, nitric oxide and peroxynitrite.32–36 Various phenolics are also able to attenuate 

ROS generation through inhibition of redox sensitive transcription factors such as NF‐kB and AP‐

1 respon‐ sible for the expression of the ROS‐induced in ammatory enzyme cascade. Xanthine 

oxidase, COX‐II and LOX were shown to be reduced by dietary phenolics like curcumin, silymarin 

and resveratrol. Polyphenols can also induce detoxifying enzymes such as glutathione‐S‐

transferase (GST) and quinone reductase (QR) which can protect cells from carcinogenic 

intermediates, exogenous or endogenous.32–34,37–40 

Historically, the anti-cancer effects of phenolic compounds have been mostly explained 

through their antioxidant potentials, but this seems very complicated. There is evidence 

manifesting risky effects of antioxidants rather than their benefits in patients suffering from 

cancer.41,42 Therefore, it is essential to differentiate and clarify antioxidant and anti-cancer actions 

of these compounds in order to help clinicians to establish new strategies for prevention and 

treatment of cancer.  

Besides antioxidant activity, several other important mechanisms as follows also contribute 

to anti-cancer effect of phenolic compounds. 

Phenolics as potent inhibitors of Growth Factors and Receptors (GFRs)  
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Plant phenolics such as curcumin, genistein, resveratrol and catechins are potent inhibitors 

of a number of growth factors binding and signaling pathways implicated in cancer. Growth factors 

are proteins that bind to specific receptors on cell surfaces to elicit a signaling cascade responsible 

for the normal activation of cell proliferation/differentiation required for tissue growth and repair. 

Aberrant growth factor expression/availability results in a signaling cascade leading to 

uncontrolled cell proliferation and differentiation, suppression of apoptotic signals and ultimately 

in carcinogenesis, tumor growth/progression and metastasis.32–35 Major growth factors implicated 

in carcinogenesis are epidermal growth factor (EGF), plate-derived growth factor (PDGF),  

fibroblast growth factors (FGFs), transforming growth factors-α and ‐β (TGFs‐α and ‐β), insulin‐

like growth factor (IGF), erythropoietin (EPO), as well as the inflammation‐related cytokines 

interleukin1,‐2,‐6,‐8 (IL‐1,‐2,‐6,‐8), tumor necrosis factor‐α (TNF‐α), interferon‐γ (IFN‐γ) and 

colony stimulating factors (CSFs).33–35 The binding of these factors to their specific receptors 

elicits powerful cell proliferation signals through the activation of signal cascades involving 

various receptor-regulated and cytosolic kinases and transcription factors which forms the basis of 

growth factor/receptor driven carcinogenesis and tumor progression.33–35 Compounds such as 

phenolic compounds that can attenuate GF binding and the attendant signal cascade are generally 

regarded as excellent chemo-preventive agents.  

Regulation of cell cycle and apoptosis by phenolics 

Disruption of the normal regulation of cell-cycle progression and division are important 

events in the development of cancer. The cell cycle is the recurring sequence of events that includes 

the duplication of cell contents and subsequent cell division. For eukaryotic cells, the cell cycle 

has been defined as the interval between the completion of mitosis in a cell and the completion of 

mitosis by one or both of its daughter cells.43 Traditionally the cell cycle in eukaryotic cell has 
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been divided into four phases: Gap phase 1 (G1); DNA synthesis (S); Gap phase 2 (G2), during 

which the cell prepares itself for division; and mitosis (M) during which the chromosomes separate 

and the cell divides.43,44 The progression of cell cycle from one phase to the next is regulated by 

sequential activation and inactivation of many “check points” that monitor the status of the cell as 

well as environmental cues.45 Cyclin:cyclin-dependent kinase complexes control the two critical 

checkpoints in the cell cycle at the G1/S and G2/M transitions by phosphorylating a variety of 

proteins such as nuclear lamins and histones for nuclear membrane breakdown and chromosome 

condensation, as well as proteins leading to the transcription of genes required for proliferation.44 

Different cell-cycle phases are associated with production of distinct types of cyclins. In contrast 

to CDKs, having constant level during cell cycle, the level of regulatory subunits and cyclins rises 

and falls in different cell-cycle phases (Figure 1-8).46 Passage through the cell cycle is governed 

by cyclin-dependent kinases (cdks) which complex with their "partner" cyclins.47 The G1 cyclins 

and their associated cdks regulate the G1/S transition. Cyclins D1, D2 and/or D3 are expressed in 

early G1 phase, and cyclin E is expressed in late G1 phase. D-type cyclins complexed with cdk2, 

4 or 6 promote cell cycle progression by phosphorylating a variety of substrates such as the 

retinoblastoma (Rb) protein, which is required for entry into S phase. The mitotic cyclins, first 

discovered as proteins with abundant oscillation in early invertebrate embryonic cell cycles, form 

complexes with cdks and regulate the G2/M transition. In most organisms, B-type cyclins function 

as a subunit of the major mitotic protein kinase.47 

The chemical structures of phenolic compounds are widely diverse from simple phenols to 

tannins. Presence of phenolic hydroxyl groups allows them to cause some interactions with 

proteins changing their functions. They share a phenolic proton in hydrogen bonds with a special 

functional group of proteins such as amide, guanidine, peptide amino or carboxyl groups.46 This 
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ability provides several mechanisms for phenolic compounds to prevent or cure cancer. They 

interact with specific proteins to regulate cell cycle and consequently modulate cellular 

proliferation. Therefore, they have potential to control cell cycle progression in cancer cells via 

targeting various components in the cell cycle regulatory network.46,48 For instance, Treatment of 

various cancer cells (prostate, lung and skin) with EGCG altered the pattern of cell cycle proteins; 

specifically the inhibition of CDKs. EGCG also enhances the expression of CDKI proteins, such 

as Cip1/p21 and Kip1/p27 while reducing the expression of cyclin D1 and the phosphorylation of 

retinoblastoma protein. EGCG causes cell cycle arrest and promotes apoptosis via a dose- and 

time-dependent upregulation of Cip1/p21, Kip1/p27, and p16/INK4A and down-regulation of 

proteins such as cyclin D1, cyclin E, CDK2, and CDK4.49 EGCG caused growth arrest at G1 stage 

of cell cycle through regulation of cyclin D1, CDK4, CDK6, Cip1/p21 and Kip1/p27, and induced 

apoptosis through generation of reactive oxygen species and activation of caspase-3 and caspase-

9.50 Apoptosis, or programmed cell death, is an important mechanism in normal development and 

in anticancer surveillance. The process is regulated by various oncogenes/proteins, including the 

important pro‐apoptotic p53, the anti‐apoptotic and cell survival Bcl‐2 and the caspase cascade.33–

35,43 The regulation of cell cycle and apoptosis by other natural phenolic compounds such as gallic 

acid, coumarin, genistein etc. are summarized in Figure 1-9.46 

Mediation of inflammatory process by phenolics 

One important aspect of carcinogenesis is recognized to be the involvement of 

inflammation. For instance, prostaglandins are mediators of inflammation and chronic 

inflammation predisposes to carcinogenesis. The over-expression of inducible cyclooxygenases 

(COX-2), the enzyme which catalyzes a critical step in the conversion of arachidonic acid to 

prostaglandins and is induced by pro-inflammatory stimuli, including mitogens, cytokines and 
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bacterial lipopolysaccharide (LPS), is believed to be associated with colon, lung, breast and 

prostate carcinogenesis. Natural phenolics have been reported to inhibit transcription factors 

closely linked to inflammation (e.g., NF-κB),51,52 pro-inflammatory cytokines release51,53 and 

enzymes such as COX-254, lipoxygenases (LOX)55, inducible nitric oxide synthase (iNOS)56 that 

mediate inflammatory processes, both in vitro and in vivo.57 In many cases, polyphenols exhibit 

anti-inflammatory properties through blocking MAPK-mediated pathway. Furthermore, a few 

structure-activity studies have been conducted. For example, Hou et al. examined the inhibitory 

effects of five kinds of green tea proanthocyanidins on cyclooxygenase-2 (COX-2) expression and 

PGE-2 release in LPS-activated murine macrophage RAW-264 cells.54 It was revealed that the 

galloyl moiety of proanthocyanidins appeared important to their inhibitory actions. Another study 

by Herath et al. suggested that the double bond between carbon 2 and 3 and the ketone group at 

position 4 of flavonoids are necessary for potent inhibitory effects on LPS-induced tumor necrosis 

factor-alpha (TNF-α) production in mouse macrophages (J774.1).58 

Suppression of angiogenesis by phenolics 

As stated previously, angiogenesis, or new blood vessel formation, is vital for supplying 

nutrients and oxygen to the tumor and ensuring its growth and progression, its invasiveness and 

spread to other tissues. Prevention of angiogenesis would “starve” the tumor and prevent 

metastasis.32–34,59,60 Consequently, angiogenesis inhibition is an active objective in current 

anticancer research. Quercetin, genistein, resveratrol and various phenolic acids are capable of 

inhibiting angio‐ genesis in in vitro cell‐based systems as well as in animal models. These effects 

appear to be due to attenuation of matrixmetalloproteinases (MMPs) inhibition of VEGF and their 

Src kinases.33,59 These phenolics have also been shown to attenuate the expression of vascular 

adhesion molecules which would reduce the metastatic process.34,37 
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 Anti-cancer effect of sorghum phenolic compounds in vitro 

Phenolic extracts or isolated phenolics from different plant food have been studied in many 

cell lines. For example, berry extracts prepared from blackberry, raspberry, blueberry, cranberry, 

and strawberry including anthocyanins, kaempferol, quercetin, esters of coumaric acid and ellagic 

acid, were shown to inhibit the growth of human oral (KB, CAL-27), breast (MCF-7), colon (HT-

29, HCT-116), and prostate (LNCaP, DU-145) tumor cell lines in a dose-dependent manner with 

different sensitivity between cell lines.61,62 Similar results have also been reported with wine 

extracts63, tea extracts and major green tea polyphenols64. Other phenolic extracts from legumes65, 

citrus66 and apples67 were also studies. 

However, studies regarding the anti-cancer effect of sorghum phenolic compounds in vitro 

are scarce. A few studies published recently used sorghum extracts to treat various cancer cells. 

Suganya Devi68 used breast cancer cell line (MCF-7) to evaluate the anti-proliferative activity of 

red sorghum bran anthocyanin, and found that the red sorghum anthocyanin induced growth 

inhibition of MCF-7 cells at significance level. Similar results were also found using other cancer 

cell lines including leukemia (HL-60)69, breast (MDA-MB 231)70, colon (HT-29)71 and liver 

(HepG2)71 cells as inducing cell apoptosis, inhibiting cell proliferation, promotion the expression 

of cell cycle regulators and p53 gene by sorghum extracts. In vitro data is the first and necessary 

step to understand the underlying mechanisms of anti-cancer effect of sorghum phenolic 

compounds. The lag of sorghum phenolic compounds behind similar research on other plant food 

drives us to investigate the effect of sorghum phenolic compounds in cancer cell growth inhibition 

and the underlying mechanisms.  
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Part 2 Omega-3 polyunsaturated fatty acids and their health benefit as well as 

metabolism, conversion in vivo especially in duck model 

 Introduction to omega-3 PUFAs 

Fatty acids with more than one double bond are classified as polyunsaturated fatty acids 

(PUFAs). Omega-3 PUFAs are fatty acids that have a double bond at the third position from the 

methyl end of carbon chain (Figure 1-10). There are two types of omega-3 PUFAs, known by 

short-chain omega-3 PUFAs which have less than 20 carbons such as -linolenic acid (ALA, 

C18:3n-3) and long-chain omega-3 PUFAs which have more than or equal to 20 carbons such as 

eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3). Other 

naturally occurring omega-3 PUFAs including stearidonic acid (C18:4n-3), eicosatrienoic acid 

(C20:3n-3), eicosapentaenoic acid (C20:4n-3), docosapentaenoic acid (C22:5n-3), etc. 

Our diet contains a complex mixture of fats and oils whose basic structural components are 

fatty acids. Omega-3 PUFAs generally account for a small fraction of the total daily consumption 

of fatty acids in Western societies.72 Usually, short-chain omega-3 PUFAs are presented in plant 

seeds and oil (such as canola oil, flaxseed oil, soybean oil, walnut oil, etc.), green leafy vegetables, 

and nuts and beans (such as walnuts and soybeans), while long-chain omega-3 PUFAs are found 

in marine products such as fish and algae. ALA is the major n-3 PUFA in the diet, with daily mean 

intakes estimated to be 1.6 g and 1.1 g per day for men and women, respectively72; while EPA and 

DHA intakes are estimated to be between 100–200 mg/d in the United States73. 

Omega-3 PUFAs must be obtained from diet, because humans do not have the enzymatic 

machinery required to synthesize omega-3 PUFAs, which makes them essential74. Through an 

inefficient enzymatic process of desaturation, ALA produce Arachidonic acid, precursors to a 

group of eicosanoids (prostaglandins, thromboxanes, and leukotrienes) that are anti-inflammatory, 
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antithrombotic, antiarrhythmic and vasodilatory.75 Compelling data from epidemiological and 

interventional studies demonstrated that it is long-chain but not short-chain omega-3 PUFAs have 

inverse correlation with the risk of some chronic disease.76–84 Thus, the 2015 Dietary Guidelines 

for Americans recommends the consumption of 8 oz. of seafood per week to provide an average 

of 250 mg/day of long-chain omega-3 fatty acids for health benefits85. Moreover, The American 

Heart Association’s Strategic Impact Goal Through 2020 and Beyond recommends at least two 

servings with 3.5 oz. fish every week to increase EPA and DHA intakes86. 

 Health benefit of long-chain omega-3 PUFAs 

It has been reported that long-chain but not short-chain omega-3 PUFAs possess the 

physiological properties of regulating blood pressure87, platelet reactivity and thrombosis88, 

plasma TG concentrations89, vascular function90, cardiac arrhythmias91, heart rate variability91, and 

inflammation92. These physiological properties are associated with some chronic diseases such as 

cardiovascular disease (CVD)76,77, psoriasis80, mental illnesses81, type-2 diabetes, cancers82,83, 

asthma84 etc. Several studies also revealed that in those chronic conditions, essential fatty acids 

metabolism is abnormal such that plasma and tissue concentrations of arachidonic acid (AA), EPA 

and DHA in the phospholipid fraction are low.93–96 

Given to a long history of studying cancer prevention, our lab has special interest in the 

mechanism of dietary compounds in preventing cancer. Increasing evidence from animal and in 

vitro studies indicates that omega-3 PUFAs, especially their long-chain members such as EPA and 

DHA could inhibit carcinogenesis.97 Several molecular mechanisms whereby omega-3 PUFAs 

potentially affect carcinogenesis have been proposed. These mechanism include: (1) suppression 

of AA derived eicosanoid biosynthesis, which results in altered immune response to cancer cells 

and modulation of inflammation, cell proliferation, apoptosis, metastasis, and angiogenesis; (2) 
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influences on transcription factor activity, gene expression, and signal transduction, which leads 

to changes in metabolism, cell growth, and differentiation; (3) alteration of estrogen metabolism, 

which leads to reduced estrogen-stimulated cell growth; (4) increased or de- creased production of 

free radicals and reactive oxygen species; and (5) mechanisms involving insulin sensitivity and 

membrane fluidity. However, the epidemiological studies on the association between long-chain 

omega-3 PUFAs intake and cancer risk remains controversial.98,99 The possible causes of the 

absence of an association between dietary long-chain omega-3 PUFAs and cancer risk in some 

epidemiological studies may falls into two aspects: (1) possible beneficial effect of marine omega-

3 PUFAs may be offset by potential carcinogenic substances, such as some pesticides and heavy 

metals (e.g., mercury), that accumulate in fatty fish.100 Furthermore, heterocyclic amines formed 

during the cooking of fish at high temperatures have been shown to produce cancer in various 

organs in animals101 (2) the discrepancy between animal and epidemiologic studies involves 

differences in doses and the stage of tumor development. In animal studies, large doses of omega-

3 PUFAs were usually used, and tumors were artificially induced. High doses of omega-3 PUFAs 

applied during the promotion and progression stages of tumor development may indeed inhibit 

carcinogenesis in animal models, whereas long-term exposures to relatively low doses of long-

chain omega-3 PUFAs may not be as effective against cancer development in humans. 

Metabolism of omega-3 fatty acids 

While mammals cannot synthesize omega-3 PUFAs de novo, mammalian cells can 

interconvert omega-3 PUFAs within each series by elongation, desaturation, and 

retroconversion.102 The simplest omega-3 PUFA, -linolenic acid (ALA, 18:3n-3), is 

synthesized from linoleic acid (LA, 18:2n-6) by desaturation, catalyzed by -15 desaturase in 

plants. Animals, including humans, do not possess the -15 desaturase enzyme and so cannot 
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synthesize ALA. Thus, ALA is a classically essential fatty acid, along with LA.  

Interconversion of omega-3 PUFAs 

After ingestion, ALA is converted to EPA, occurring primarily in the endoplasmic 

reticulum of liver cells and involves a series of elongation enzymes that sequentially add 2-carbon 

units to the fatty acid backbone and desaturation enzymes that insert double bonds into the 

molecules (Figure 1-2). EPA is elongated to docosapentaenoic acid (DPA) by elongase, the final 

step from DPA converting to DHA is controversial, there’re two possible pathways: (1) The Δ4 

pathway: DPA may be converted to DHA by Δ-4 desaturase103 however, the existence of Δ-4 

desaturation in the biosynthesis of DHA had been questioned for years, until a Δ-4 fatty acid 

desaturase was characterized in vegetative organisms.104 Nevertheless, the existence of such 

conversion for DHA synthesis in mammals is still unclear; (2) The Sprecher pathway: DPA is 

elongated to tetracosahexaenoic acid (THA) and translocation to peroxisomes, a 2-carbon removal 

by β-oxidation, and translocation of DHA back to the endoplasic reticulum.105  

The conversion from short-chain ALA to long-chain EPA and DHA 

ALA from plant oils is a metabolic precursor of the long-chain omega-3 PUFAs found in 

fish and fish oil, but the conversion is not efficient in humans, usually below 5% in adults106 or 

even less than 1% in infants and aging people107. This is because: (1) humans are lacking the key 

enzyme required to convert short-chain ALA to long-chain EPA and DHA; (2) the background 

diet may also have a significant impact on the conversion from ALA to DHA since the same 

enzymes are involved in omega-3 and -6 pathways; (3) EPA and DHA themselves may 

downregulating the conversion of ALA to long-chain PUFAs.  

Several investigators have performed detailed studies of the in vivo conversion of ALA to 

its long-chain omega-3 derivatives EPA, DPA and DHA in humans by using uniformly labeled 
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[13C]- or [2H] ALA as a tracer.106,108 These studies have consistently shown that over 15-35% of 

dietary ALA is rapidly catabolized to carbon dioxide for energy,109–112 and that only a small 

proportion, estimated by using compartment models to be less than 1% is converted to DHA.113 

The fractional conversion of ALA to EPA, estimated by measuring peak or area under the curve 

plasma contents of the labeled fatty acids, varies between 0.3% and 8% in men, and the conversion 

of ALA to DHA is  4% and often undetectable in males.110,112,114 Conversion of ALA to long-chain 

omega-3 fatty acids appears to be more efficient in women: up to 21% is converted to EPA and up 

to 9% is converted to DHA111, with a concomitant reduction in the rate of ALA oxidation ( 22% 

compared with  33% in men).110–112  

Background diet may have a significant impact the conversion from ALA to EPA and DHA. 

Diets high in LA may influence the metabolism of the omega-3 fatty acids through substrate 

competition and inhibition of Δ6 desaturase enzyme. Emken et al115 showed that a diet high in LA 

reduces the conversion of ALA to its long-chain derivatives by 40%, with a net reduction in long- 

chain n 3 fatty acid accumulation of 70%. Diets high in ALA appear to increase the rate of ALA 

oxidation, limiting its accumulation in plasma and reducing its conversion rate to EPA and 

DHA.109 

The conversion of DPA to DHA is the rate-limiting step in the conversion of ALA to DHA, 

and dietary DHA and EPA down-regulate this step by 70%.116 It is also reported that dietary EPA 

and DHA reduce the conversion of ALA to long-chain omega-3 fatty acids.109,110 DHA itself can 

serves as a substrate for metabolic retro-conversion to EPA and DPA through a β-oxidation 

reaction. In studies in which 13C-labeled DHA was fed, Brossard et al117 calculated the retro-

conversion rate of DHA to EPA in humans receiving normal dietary amounts of DHA to be 1.4%. 

Human clinical data have suggested rates as high as 12% with high chronic DHA 
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consumption.118,119 Retro-conversion of DHA to EPA is hormonally regulated and decreases in 

women receiving hormone replacement therapy.120 

 Omega-3 PUFAs in animal models 

In a typical Western diet, over 53% of dietary fat is supplied through animal products. 

As mentioned above, long-chain omega-3 PUFAs possess the potential health benefits to lower 

the risk of some chronic diseases, but there’s still nutritional gap between the recommended and 

actual consumption levels of EPA and DHA121. Therefore, feeding strategies have been adopted 

to increase the content of omega-3 fatty acids in animal food lipids like meat, eggs and milk.122–

124 

It has been noted that supplemented diets with vegetable oil and fish oil effectively 

enhanced omega-3 PUFAs in the products of pork,125 broilers,126,127 and broiler eggs128,129. Haak125 

reported that linseed and fish oil supplementation could enhance the incorporation of omega-3 

PUFAs in pork meat and also alter its fatty acid composition. Creps126 determined the effect of 

different dietary fatty acid profiles on nutrient and fatty acid balance in broiler chickens and found 

that chickens fed with linseed oil diet have higher amount of EPA and DHA in total body fat of 

chickens than other diets including tallow diet, olive oil diet and sunflower oil diet. This is in 

accordance with Lopez-Ferrer’s127 findings that supplemented linseed oil or fish oil in diet could 

significantly increase omega-3 PUFAs in chicken meat. Other animal product were also 

investigated, for example, Lemahieu’s128 and Antruejo129 found that feed supplemented with 

omega-3 PUFAs resulted in increased levels of these fatty acids in chicken product such as eggs.  

Although there’re many studies investigated animal models including pigs and chickens, 

there’s limited research on using duck as a model to assess the effect of dietary fats on fatty acid 

profile in duck products.  
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 Omega-3 PUFAs in duck model 

When compared with humans, waterfowls such as duck and geese have been reported to 

convert short-chain to long-chain omega-3 fatty acids more efficiently by a series of linked 

desaturation and elongation reactions that mainly take place in the liver130 and subsequently 

excreted into blood circulation to other tissues.131 The diverse conversion rates between human 

and waterfowl have driven scientists to consider that waterfowls may provide an alternate and 

sustainable source of long-chain omega-3 PUFAs from plant-derived short-chain ALA.132,133 

Ducks are aquatic birds which have a high rate of lipogenesis to meet their energetic 

requirements during ancient migratory flight.134,135 It has been reported, for instance, the percent 

body fat could be reached as high as 37–42% in Peking ducks and 20–30% in Muscovy ducks.136 

Although duck products are popular with its unique flavor and juicy texture, the high fat content 

has raised health concerns. While certain species of lean ducks, such as the Shan Partridge contains 

7.5% of body fat only have been developed, modification of the fat composition in favor of higher 

omega-3 PUFAs in replace of omega-6 PUFAs and/or saturated fatty acids (SFAs) may provide 

promising healthy benefits. Chen and Hsu137 reported an increased trend of EPA, DHA, and total 

omega-3 PUFAs in duck egg yolks by feeding cod liver oil diet. Our previous study found that fish 

oil and sunflower oil could significantly enhance the levels of EPA and DHA in the leg and chest 

muscles as well as eggs of Shan Partridge duck.137 

In addition to storage and transportation of lipids, liver of birds has a very high capacity of 

lipogenesis.138 Fatty acids can be synthesis or converted in the liver, and then transported to other 

tissues such as adipose, cardiac, and skeletal muscle. The conversion of fatty acids in the liver and 

incorporation of them into various tissues are well-established in response to the observed change 

of fatty acid composition in the relative tissues.139 Therefore, fatty acid conversion in the liver may 
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provide impact not only on a varied fatty acid composition but also on the meat quality including 

flavor and muscle color.140 From an aspect of nutrition value, efficient conversion efficient 

conversion of short- to long-chain omega-3 PUFAs in the liver may boost the levels of long-chain 

omega-3 PUFAs and thus improve the meat quality.  

 

  



 

 20 

Reference 

(1)  Dai, J.; Mumper, R. J. Plant phenolics: extraction, analysis and their antioxidant and 

anticancer properties. Molecules 2010, 15 (10), 7313–7352. 

(2)  Waniska, R. D. Structure, Phenolic Compounds, and Antifungal Proteins of Sorghum 

Caryopses. 

(3)  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. 2005, 

53 (17), 6813–6818. 

(4)  Beta, T.; Rooney, L. W.; Marovatsanga, L. T.; Taylor, J. R. Phenolic compounds and 

kernel characteristics of Zimbabwean sorghums. J. Sci. Food Agric. 1999, 79 (7), 1003–

1010. 

(5)  Awika, J. M.; Rooney, L. W. Sorghum phytochemicals and their potential impact on 

human health. Phytochemistry 2004, 65 (9), 1199–1221. 

(6)  Chung, K.-T.; Wong, T. Y.; Wei, C.-I.; Huang, Y.-W.; Lin, Y. Tannins and Human 

Health: A Review. Crit. Rev. Food Sci. Nutr. 1998, 38 (6), 421–464. 

(7)  Krueger, C. G.; Vestling, M. M.; Reed, J. D. Matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry of heteropolyflavan-3-ols and glucosylated 

heteropolyflavans in sorghum [Sorghum bicolor (L.) Moench]. J. Agric. Food Chem. 

2003, 51 (3), 538–543. 

(8)  Czarnota, M. A.; Rimando, A. M.; Weston, L. A. Evaluation of Root Exudates of Seven 

Sorghum Accessions. J. Chem. Ecol. 2003, 29 (9), 2073–2083. 

(9)  Towo, E. E.; Svanberg, U.; Ndossi, G. D. Effect of grain pre-treatment on different 

extractable phenolic groups in cereals and legumes commonly consumed in Tanzania. J. 



 

 21 

Sci. Food Agric. 2003, 83 (9), 980–986. 

(10)  Reed, J. D. Nutritional toxicology of tannins and related polyphenols in forage legumes. J. 

Anim. Sci. 1995, 73 (5), 1516–1528. 

(11)  Hahn, D. H.; Faubion, J. M.; Rooney, L. W. Sorghum phenolic acids, their high 

performance liquid chromatography separation and their relation to fungal resistance. 

1983. 

(12)  Waniska, R. D.; Poe, J. H.; Bandyopadhyay, R. Effects of growth conditions on grain 

molding and phenols in sorghum caryopsis. J. Cereal Sci. 1989, 10 (3), 217–225. 

(13)  Iacobucci, G. A.; Sweeny, J. G. The chemistry of anthocyanins, anthocyanidins and 

related flavylium salts. Tetrahedron 1983, 39 (19), 3005–3038. 

(14)  Awika, J. M.; Rooney, L. W. Sorghum phytochemicals and their potential impact on 

human health. Phytochemistry 2004, 65 (9), 1199–1221. 

(15)  Dicko, M. H.; Gruppen, H.; Traore, A. S.; Willem J. H. van Berkel; Voragen, A. G. J. 

Evaluation of the Effect of Germination on Phenolic Compounds and Antioxidant 

Activities in Sorghum Varieties. 2005. 

(16)  Ferreira, D.; Slade, D.; Ferreira, D.; Kolodziej, H.; Hatano, T.; Yoshida, T.; Foo, L. Y.; 

Berghe, D. J. Vanden; Rucker, R. B.; Ritter, K. A.; et al. Oligomeric proanthocyanidins: 

naturally occurring O-heterocycles. Nat. Prod. Rep. 2002, 19 (5), 517–541. 

(17)  Dicko, M. H.; Gruppen, H.; Traore, A. S.; van Berkel, W. J. H.; Voragen, A. G. J. 

Evaluation of the effect of germination on phenolic compounds and antioxidant activities 

in sorghum varieties. J. Agric. Food Chem. 2005, 53 (7), 2581–2588. 

(18)  Gous, F. Tannins and phenols in black sorghum, Texas A&M University, 1989. 

(19)  Bate-Smith, E. C. Luteoforol (3?,4,4?,5,7-pentahydroxyflavan) in Sorghum vulgare L. 



 

 22 

Phytochemistry 1969, 8 (9), 1803–1810. 

(20)  Awika, J. M.; Rooney, L. W.; Waniska, R. D. Properties of 3-deoxyanthocyanins from 

sorghum. J. Agric. Food Chem. 2004, 52 (14), 4388–4394. 

(21)  Pale, E.; Kouda-Bonafos, M.; Nacro, M.; Vanhaelen, M.; Vanhaelen-Fastr?, R.; Ottinger, 

R. 7-O-methylapigeninidin, an anthocyanidin from Sorghum caudatum. Phytochemistry 

1997, 45 (5), 1091–1092. 

(22)  Butler, L. G. Antinutritional Effects of Condensed and Hydrolyzable Tannins. In Plant 

Polyphenols; Hemingway, R. W., Laks, P. E., Eds.; Springer US: New York, 1992; pp 

693–698. 

(23)  Dicko, M. H.; Hilhorst, R.; Gruppen, H.; Traore, A. S.; Laane, C.; van Berkel, W. J. H.; 

Voragen, A. G. J. Comparison of content in phenolic compounds, polyphenol oxidase, and 

peroxidase in grains of fifty sorghum varieties from burkina faso. J. Agric. Food Chem. 

2002, 50 (13), 3780–3788. 

(24)  Dicko, M. H.; Gruppen, H.; Traoré, A. S.; Voragen, A. G. J.; Van Berkel, W. J. H. 

Phenolic compounds and related enzymes as determinants of sorghum for food use. 

Biotechnol. Mol. Biol. Rev. 2006, 1 (1), 21–38. 

(25)  Doll, R.; Peto, R. The causes of cancer: quantitative estimates of avoidable risks of cancer 

in the United States today. J. Natl. Cancer Inst. 1981, 66 (6), 1191–1308. 

(26)  Stanley, L. A. Molecular aspects of chemical carcinogenesis: the roles of oncogenes and 

tumour suppressor genes. Toxicology 1995, 96 (3), 173–194. 

(27)  Wahle, K. W. J.; Brown, I.; Rotondo, D.; Heys, S. D. Plant phenolics in the prevention 

and treatment of cancer. Adv. Exp. Med. Biol. 2010, 698, 36–51. 

(28)  Hodek, P.; Trefil, P.; Stiborová, M. Flavonoids-potent and versatile biologically active 



 

 23 

compounds interacting with cytochromes P450. Chem. Biol. Interact. 2002, 139 (1), 1–21. 

(29)  Galati, G.; Teng, S.; Moridani, M. Y.; Chan, T. S.; O’Brien, P. J. Cancer chemoprevention 

and apoptosis mechanisms induced by dietary polyphenolics. Drug Metabol. Drug 

Interact. 2000, 17 (1–4), 311–349. 

(30)  Webster, R. P.; Gawde, M. D.; Bhattacharya, R. K. Protective effect of rutin, a flavonol 

glycoside, on the carcinogen-induced DNA damage and repair enzymes in rats. Cancer 

Lett. 1996, 109 (1–2), 185–191. 

(31)  Khan, A. U.; Wilson, T. Reactive oxygen species as cellular messengers. Chem. Biol. 

1995, 2 (7), 437–445. 

(32)  Duthie, S. J. Berry phytochemicals, genomic stability and cancer: Evidence for 

chemoprotection at several stages in the carcinogenic process. Mol. Nutr. Food Res. 2007, 

51 (6), 665–674. 

(33)  Fresco, P.; Borges, F.; Diniz, C.; Marques, M. P. M. New insights on the anticancer 

properties of dietary polyphenols. Med. Res. Rev. 2006, 26 (6), 747–766. 

(34)  Aggarwal, B. B.; Shishodia, S. Molecular targets of dietary agents for prevention and 

therapy of cancer. Biochem. Pharmacol. 2006, 71 (10), 1397–1421. 

(35)  Dorai, T.; Aggarwal, B. B. Role of chemopreventive agents in cancer therapy. Cancer 

Lett. 2004, 215 (2), 129–140. 

(36)  Kovacic, P.; Jacintho, J. D. Mechanisms of carcinogenesis: focus on oxidative stress and 

electron transfer. Curr. Med. Chem. 2001, 8 (7), 773–796. 

(37)  Ferrero, M. E.; Bertelli, A. A.; Pellegatta, F.; Fulgenzi, A.; Corsi, M. M.; Bertelli, A. 

Phytoalexin resveratrol (3-4’-5-trihydroxystilbene) modulates granulocyte and monocyte 

endothelial adhesion. Transplant. Proc. 1998, 30 (8), 4191–4193. 



 

 24 

(38)  Surh, Y.-J. Cancer chemoprevention with dietary phytochemicals. Nat. Rev. Cancer 2003, 

3 (10), 768–780. 

(39)  Kundu, J. K.; Surh, Y.-J. Molecular basis of chemoprevention by resveratrol: NF-κB and 

AP-1 as potential targets. Mutat. Res. Mol. Mech. Mutagen. 2004, 555 (1–2), 65–80. 

(40)  Le Corre, L.; Chalabi, N.; Delort, L.; Bignon, Y.-J.; Bernard-Gallon, D. J. Resveratrol and 

breast cancer chemoprevention: Molecular mechanisms. Mol. Nutr. Food Res. 2005, 49 

(5), 462–471. 

(41)  Saeidnia, S.; Abdollahi, M. Antioxidants: Friends or foe in prevention or treatment of 

cancer: The debate of the century. Toxicol. Appl. Pharmacol. 2013, 271 (1), 49–63. 

(42)  Saeidnia, S.; Abdollahi, M. Who Plays Dual Role in Cancerous and Normal Cells? 

Natural Antioxidants or Free Radicals or the Cell Environment. Int. J. Pharmacol. 2012, 8 

(8), 711–712. 

(43)  Meeran, S. M.; Katiyar, S. K. Cell cycle control as a basis for cancer chemoprevention 

through dietary agents. Front. Biosci. 2008, 13, 2191–2202. 

(44)  Draetta, G.; Brizuela, L.; Mohr, I.; Marshak, D.; Gluzman, Y.; Beach, D. Cell cycle 

control in eukaryotes: molecular mechanisms of cdc2 activation. Trends Biochem. Sci. 

1990, 15 (10), 378–383. 

(45)  Rao, P. N.; Johnson, R. T. Mammalian Cell Fusion : Studies on the Regulation of DNA 

Synthesis and Mitosis. Nature 1970, 225 (5228), 159–164. 

(46)  Jafari, S.; Saeidnia, S.; Abdollahi, M. Role of natural phenolic compounds in cancer 

chemoprevention via regulation of the cell cycle. Curr. Pharm. Biotechnol. 2014, 15 (4), 

409–421. 

(47)  Hunter, T.; Pines, J. Cyclins and cancer. Cell 1991, 66 (6), 1071–1074. 



 

 25 

(48)  Charlton, A. J.; Baxter, N. J.; Khan, M. L.; Moir, A. J. G.; Edwin Haslam; Alan P. Davies, 

⊥ and; Michael P. Williamson. Polyphenol/Peptide Binding and Precipitation. 2002. 

(49)  Gupta, S.; Ahmad, N.; Nieminen, A.-L.; Mukhtar, H. Growth Inhibition, Cell-Cycle 

Dysregulation, and Induction of Apoptosis by Green Tea Constituent (-)-Epigallocatechin-

3-gallate in Androgen-Sensitive and Androgen-Insensitive Human Prostate Carcinoma 

Cells. Toxicol. Appl. Pharmacol. 2000, 164 (1), 82–90. 

(50)  Shankar, S.; Suthakar, G.; Srivastava, R. K. Epigallocatechin-3-gallate inhibits cell cycle 

and induces apoptosis in pancreatic cancer. Front. Biosci. 2007, 12, 5039–5051. 

(51)  Karlsen, A.; Retterstøl, L.; Laake, P.; Paur, I.; Bøhn, S. K.; Sandvik, L.; Blomhoff, R. 

Anthocyanins inhibit nuclear factor-kappaB activation in monocytes and reduce plasma 

concentrations of pro-inflammatory mediators in healthy adults. J. Nutr. 2007, 137 (8), 

1951–1954. 

(52)  Tsoyi, K.; Park, H. Bin; Kim, Y. M.; Chung, J. Il; Shin, S. C.; Lee, W. S.; Seo, H. G.; Lee, 

J. H.; Chang, K. C.; Kim, H. J. Anthocyanins from Black Soybean Seed Coats Inhibit 

UVB-Induced Inflammatory Cylooxygenase-2 Gene Expression and PGE 2 Production 

through Regulation of the Nuclear Factor-κB and Phosphatidylinositol 3-Kinase/Akt 

Pathway. J. Agric. Food Chem. 2008, 56 (19), 8969–8974. 

(53)  Gauliard, B.; Grieve, D.; Wilson, R.; Crozier, A.; Jenkins, C.; Mullen, W. D.; Lean, M. 

The Effects of Dietary Phenolic Compounds on Cytokine and Antioxidant Production by 

A549 Cells. J. Med. Food 2008, 11 (2), 382–384. 

(54)  Hou, D.-X.; Masuzaki, S.; Hashimoto, F.; Uto, T.; Tanigawa, S.; Fujii, M.; Sakata, Y. 

Green tea proanthocyanidins inhibit cyclooxygenase-2 expression in LPS-activated mouse 

macrophages: Molecular mechanisms and structure–activity relationship. Arch. Biochem. 



 

 26 

Biophys. 2007, 460 (1), 67–74. 

(55)  Hong, J.; Smith, T. J.; Ho, C. T.; August, D. A.; Yang, C. S. Effects of purified green and 

black tea polyphenols on cyclooxygenase- and lipoxygenase-dependent metabolism of 

arachidonic acid in human colon mucosa and colon tumor tissues. Biochem. Pharmacol. 

2001, 62 (9), 1175–1183. 

(56)  Pergola, C.; Rossi, A.; Dugo, P.; Cuzzocrea, S.; Sautebin, L. Inhibition of nitric oxide 

biosynthesis by anthocyanin fraction of blackberry extract. Nitric Oxide 2006, 15 (1), 30–

39. 

(57)  Jin, X.-H.; Ohgami, K.; Shiratori, K.; Suzuki, Y.; Koyama, Y.; Yoshida, K.; Ilieva, I.; 

Tanaka, T.; Onoe, K.; Ohno, S. Effects of blue honeysuckle (Lonicera caerulea L.) extract 

on lipopolysaccharide-induced inflammation in vitro and in vivo. Exp. Eye Res. 2006, 82 

(5), 860–867. 

(58)  Herath, H. M. T.; Takano-Ishikawa, Y.; Yamaki, K. Inhibitory Effect of Some Flavonoids 

on Tumor Necrosis Factor- α Production in Lipopolysaccharide-Stimulated Mouse 

Macrophage Cell Line J774.1. J. Med. Food 2003, 6 (4), 365–370. 

(59)  Park, O. J.; Surh, Y.-J. Chemopreventive potential of epigallocatechin gallate and 

genistein: evidence from epidemiological and laboratory studies. Toxicol. Lett. 2004, 150 

(1), 43–56. 

(60)  Koch, A. E.; Polverini, P. J.; Kunkel, S. L.; Harlow, L. A.; DiPietro, L. A.; Elner, V. M.; 

Elner, S. G.; Strieter, R. M. Interleukin-8 as a macrophage-derived mediator of 

angiogenesis. Science 1992, 258 (5089), 1798–1801. 

(61)  Seeram, N. P.; Adams, L. S.; Zhang, Y.; Lee, R.; Sand, D.; Scheuller, H. S.; Heber, D. 

Blackberry, black raspberry, blueberry, cranberry, red raspberry, and strawberry extracts 



 

 27 

inhibit growth and stimulate apoptosis of human cancer cells in vitro. J. Agric. Food 

Chem. 2006, 54 (25), 9329–9339. 

(62)  Zhang, Y.; Seeram, N. P.; Lee, R.; Feng, L.; Heber, D. Isolation and identification of 

strawberry phenolics with antioxidant and human cancer cell antiproliferative properties. 

J. Agric. Food Chem. 2008, 56 (3), 670–675. 

(63)  Kampa, M.; Hatzoglou, A.; Notas, G.; Damianaki, A.; Bakogeorgou, E.; Gemetzi, C.; 

Kouroumalis, E.; Martin, P. M.; Castanas, E. Wine antioxidant polyphenols inhibit the 

proliferation of human prostate cancer cell lines. Nutr. Cancer 2000, 37 (2), 223–233. 

(64)  Zhang, G.; Miura, Y.; Yagasaki, K. Effects of green, oolong and black teas and related 

components on the proliferation and invasion of hepatoma cells in culture. Cytotechnology 

1999, 31 (1–2), 37–44. 

(65)  Sarkar, F. H.; Li, Y. Mechanisms of cancer chemoprevention by soy isoflavone genistein. 

Cancer Metastasis Rev. 2002, 21 (3–4), 265–280. 

(66)  Manthey, J. A.; Grohmann, K.; Guthrie, N. Biological properties of citrus flavonoids 

pertaining to cancer and inflammation. Curr. Med. Chem. 2001, 8 (2), 135–153. 

(67)  McCann, M. J.; Gill, C. I. R.; O’ Brien, G.; Rao, J. R.; McRoberts, W. C.; Hughes, P.; 

McEntee, R.; Rowland, I. R. Anti-cancer properties of phenolics from apple waste on 

colon carcinogenesis in vitro. Food Chem. Toxicol. 2007, 45 (7), 1224–1230. 

(68)  Devi, P. S.; Kumar, M. S.; Das, S. M. Evaluation of antiproliferative activity of red 

sorghum bran anthocyanin on a human breast cancer cell line (mcf-7). Int. J. Breast 

Cancer 2011, 2011, 891481. 

(69)  Woo, H. J.; Oh, I. T.; Lee, J. Y.; Jun, D. Y.; Seu, M. C.; Woo, K. S.; Nam, M. H.; Kim, Y. 

H. Apigeninidin induces apoptosis through activation of Bak and Bax and subsequent 



 

 28 

mediation of mitochondrial damage in human promyelocytic leukemia HL-60 cells. 

Process Biochem. 2012, 47 (12), 1861–1871. 

(70)  Park, J. H.; Darvin, P.; Lim, E. J.; Joung, Y. H.; Hong, D. Y.; Park, E. U.; Park, S. H.; 

Choi, S. K.; Moon, E.-S.; Cho, B. W.; et al. Hwanggeumchal sorghum induces cell cycle 

arrest, and suppresses tumor growth and metastasis through Jak2/STAT pathways in 

breast cancer xenografts. PLoS One 2012, 7 (7), e40531. 

(71)  Devi, P. S.; Saravanakumar, M.; Mohandas, S. Identification of 3- deoxyanthocyanins 

from red sorghum ( Sorghum bicolor ) bran and its biological properties. African J. Pure 

Appl. Chem. 2011, 5 (July), 181–193. 

(72)  Whelan, J.; Rust, C. Innovative Dietary Sources of N-3 Fatty Acids. Annu. Rev. Nutr. 

2006, 26 (1), 75–103. 

(73)  Kris-Etherton, P. M.; Harris, W. S.; Appel, L. J.; American Heart Association. Nutrition 

Committee. Fish consumption, fish oil, omega-3 fatty acids, and cardiovascular disease. 

Circulation 2002, 106 (21), 2747–2757. 

(74)  Surette, M. E. The science behind dietary omega-3 fatty acids. CMAJ 2008, 178 (2), 177–

180. 

(75)  Covington, M. B. Omega-3 Fatty Acids. Am. Fam. Physician 2004, 70 (1), 133–140. 

(76)  Dolecek, T. A.; Granditis, G. Dietary polyunsaturated fatty acids and mortality in the 

Multiple Risk Factor Intervention Trial (MRFIT). World Rev. Nutr. Diet. 1991, 66, 205–

216. 

(77)  Nestel, P. Effects of fish oils and fish on cardiovascular disease. Curr. Atheroscler. Rep. 

2001, 3 (1), 68–73. 

(78)  Das, U. N. Beneficial Actions of Polyunsaturated Fatty Acids in Cardiovascular Diseases: 



 

 29 

But, How and Why? Curr. Nutr. Food Sci. 2016, 4 (1), 2–31. 

(79)  von Schacky, C.; Harris, W. S. Cardiovascular benefits of omega-3 fatty acids. 

Cardiovasc. Res. 2007, 73 (2), 310–315. 

(80)  Zulfakar, M. H.; Edwards, M.; Heard, C. M. Is there a role for topically delivered 

eicosapentaenoic acid in the treatment of psoriasis? Eur. J. Dermatol. 17 (4), 284–291. 

(81)  Song, C.; Zhao, S. Omega-3 fatty acid eicosapentaenoic acid. A new treatment for 

psychiatric and neurodegenerative diseases: a review of clinical investigations. Expert 

Opin. Investig. Drugs 2007, 16 (10), 1627–1638. 

(82)  Calviello, G.; Serini, S.; Piccioni, E. n-3 polyunsaturated fatty acids and the prevention of 

colorectal cancer: molecular mechanisms involved. Curr. Med. Chem. 2007, 14 (29), 

3059–3069. 

(83)  Chen, Y. Q.; Edwards, I. J.; Kridel, S. J.; Thornburg, T.; Berquin, I. M. Dietary fat-gene 

interactions in cancer. Cancer Metastasis Rev. 2007, 26 (3–4), 535–551. 

(84)  Reisman, J.; Schachter, H. M.; Dales, R. E.; Tran, K.; Kourad, K.; Barnes, D.; Sampson, 

M.; Morrison, A.; Gaboury, I.; Blackman, J. Treating asthma with omega-3 fatty acids: 

where is the evidence? A systematic review. BMC Complement. Altern. Med. 2006, 6, 26. 

(85)  Tagtow, A.; Rahavi, E.; Bard, S.; Stoody, E. E.; Casavale, K.; Mosher, A.; 

Schwingshackl, L.; Hoffmann, G. Coming Together to Communicate the 2015-2020 

Dietary Guidelines for Americans. J. Acad. Nutr. Diet. 2016, 116 (2), 209–212. 

(86)  Lloyd-Jones, D. M.; Hong, Y.; Labarthe, D.; Mozaffarian, D.; Appel, L. J.; Van Horn, L.; 

Greenlund, K.; Daniels, S.; Nichol, G.; Tomaselli, G. F.; et al. Defining and setting 

national goals for cardiovascular health promotion and disease reduction: the American 

Heart Association’s strategic Impact Goal through 2020 and beyond. Circulation 2010, 



 

 30 

121 (4), 586–613. 

(87)  Geleijnse, J. M.; Giltay, E. J.; Grobbee, D. E.; Donders, A. R. T.; Kok, F. J. Blood 

pressure response to fish oil supplementation: metaregression analysis of randomized 

trials. J. Hypertens. 2002, 20 (8), 1493–1499. 

(88)  British Nutrition Foundation. Unsaturated fatty acids : nutritional and physiological 

significance : the report of the British Nutrition Foundation’s task force; Published by 

Chapman & Hall for the British Nutrition Foundation, 1994. 

(89)  Harris, W. S. n-3 fatty acids and lipoproteins: comparison of results from human and 

animal studies. Lipids 1996, 31 (3), 243–252. 

(90)  Nestel, P.; Shige, H.; Pomeroy, S.; Cehun, M.; Abbey, M.; Raederstorff, D. The n-3 fatty 

acids eicosapentaenoic acid and docosahexaenoic acid increase systemic arterial 

compliance in humans. Am. J. Clin. Nutr. 2002, 76 (2), 326–330. 

(91)  von Schacky, C. Omega-3 fatty acids: antiarrhythmic, proarrhythmic or both? Curr. Opin. 

Clin. Nutr. Metab. Care 2008, 11 (2), 94–99. 

(92)  Calder, P. C. n-3 Polyunsaturated fatty acids, inflammation, and inflammatory diseases. 

Am. J. Clin. Nutr. 2006, 83 (6), S 1505-1519. 

(93)  Das, U. N. Essential fatty acid metabolism in patients with essential hypertension, diabetes 

mellitus and coronary heart disease. Prostaglandins. Leukot. Essent. Fatty Acids 1995, 52 

(6), 387–391. 

(94)  Das, U. N. Biological significance of essential fatty acids. J. Assoc. Physicians India 

2006, 54, 309–319. 

(95)  Das, U. N. Can perinatal supplementation of long-chain polyunsaturated fatty acids 

prevent diabetes mellitus? Eur. J. Clin. Nutr. 2003, 57 (2), 218–226. 



 

 31 

(96)  Wang, L.; Folsom, A. R.; Eckfeldt, J. H.; the ARIC Study Investigators. Plasma fatty acid 

composition and incidence of coronary heart disease in middle aged adults: The 

Atherosclerosis Risk in Communities (ARIC) Study. Nutr. Metab. Cardiovasc. Dis. 2003, 

13 (5), 256–266. 

(97)  Larsson, S. C.; Kumlin, M.; Ingelman-Sundberg, M.; Wolk, A. Dietary long-chain n-3 

fatty acids for the prevention of cancer: a review of potential mechanisms. Am. J. Clin. 

Nutr. 2004, 79 (6), 935–945. 

(98)  Fradet, V.; Cheng, I.; Casey, G.; Witte, J. S. Dietary Omega-3 Fatty Acids, 

Cyclooxygenase-2 Genetic Variation, and Aggressive Prostate Cancer Risk. Clin. Cancer 

Res. 2009, 15 (7). 

(99)  MacLean, C. H.; Newberry, S. J.; Mojica, W. A.; Khanna, P.; Issa, A. M.; Suttorp, M. J.; 

Lim, Y.-W.; Traina, S. B.; Hilton, L.; Garland, R.; et al. Effects of Omega-3 Fatty Acids 

on Cancer Risk: A Systematic Review. JAMA 2006, 295 (4), 403. 

(100)  Keating, G. A.; Bogen, K. T. Methods for estimating heterocyclic amine concentrations in 

cooked meats in the US diet. Food Chem. Toxicol. 2001, 39 (1), 29–43. 

(101)  Sugimura, T. Nutrition and dietary carcinogens. Carcinogenesis 2000, 21 (3), 387–395. 

(102)  Crawford, M. A. The Role of Dietary Fatty Acids in Biology: Their Place in the Evolution 

of the Human Brain. Nutr. Rev. 2009, 50 (4), 3–11. 

(103)  Horrobin, D. F. Nutritional and medical importance of gamma-linolenic acid. Prog. Lipid 

Res. 1992, 31 (2), 163–194. 

(104)  Qiu, X.; Hong, H.; MacKenzie, S. L. Identification of a Delta 4 fatty acid desaturase from 

Thraustochytrium sp. involved in the biosynthesis of docosahexanoic acid by heterologous 

expression in Saccharomyces cerevisiae and Brassica juncea. J. Biol. Chem. 2001, 276 



 

 32 

(34), 31561–31566. 

(105)  Sprecher, H. Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochim. Biophys. 

Acta 2000, 1486 (2–3), 219–231. 

(106)  Gerster, H. Can adults adequately convert alpha-linolenic acid (18:3n-3) to 

eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3)? Int. J. Vitam. Nutr. 

Res. 1998, 68 (3), 159–173. 

(107)  Brenna, J. T.; Salem, N.; Sinclair, A. J.; Cunnane, S. C. alpha-Linolenic acid 

supplementation and conversion to n-3 long-chain polyunsaturated fatty acids in humans. 

Prostaglandins. Leukot. Essent. Fatty Acids 2009, 80 (2–3), 85–91. 

(108)  Burdge, G. Alpha-linolenic acid metabolism in men and women: nutritional and biological 

implications. Curr. Opin. Clin. Nutr. Metab. Care 2004, 7 (2), 137–144. 

(109)  Vermunt, S. H.; Mensink, R. P.; Simonis, M. M.; Hornstra, G. Effects of dietary alpha-

linolenic acid on the conversion and oxidation of 13C-alpha-linolenic acid. Lipids 2000, 

35 (2), 137–142. 

(110)  Burdge, G. C.; Finnegan, Y. E.; Minihane, A. M.; Williams, C. M.; Wootton, S. A. Effect 

of altered dietary n-3 fatty acid intake upon plasma lipid fatty acid composition, 

conversion of [13C]alpha-linolenic acid to longer-chain fatty acids and partitioning 

towards beta-oxidation in older men. Br. J. Nutr. 2003, 90 (2), 311–321. 

(111)  Burdge, G. C.; Wootton, S. A. Conversion of alpha-linolenic acid to eicosapentaenoic, 

docosapentaenoic and docosahexaenoic acids in young women. Br. J. Nutr. 2002, 88 (4), 

411. 

(112)  Burdge, G. C.; Jones, A. E.; Wootton, S. A. Eicosapentaenoic and docosapentaenoic acids 

are the principal products of ?-linolenic acid metabolism in young men. Br. J. Nutr. 2002, 



 

 33 

88 (4), 355. 

(113)  Goyens, P. L. L.; Spilker, M. E.; Zock, P. L.; Katan, M. B.; Mensink, R. P. 

Compartmental modeling to quantify ?-linolenic acid conversion after longer term intake 

of multiple tracer boluses. J. Lipid Res. 2005, 46 (7), 1474–1483. 

(114)  Hussein, N.; Ah-Sing, E.; Wilkinson, P.; Leach, C.; Griffin, B. A.; Millward, D. J. Long-

chain conversion of [13C] linoleic acid and alpha-linolenic acid in response to marked 

changes in their dietary intake in men. J. Lipid Res. 2005, 46 (2), 269–280. 

(115)  Emken, E. A.; Adlof, R. O.; Gulley, R. M. Dietary linoleic acid influences desaturation 

and acylation of deuterium-labeled linoleic and linolenic acids in young adult males. 

Biochim. Biophys. Acta 1994, 1213 (3), 277–288. 

(116)  Pawlosky, R. J.; Hibbeln, J. R.; Lin, Y.; Goodson, S.; Riggs, P.; Sebring, N.; Brown, G. 

L.; Salem, N. Effects of beef- and fish-based diets on the kinetics of n-3 fatty acid 

metabolism in human subjects. Am. J. Clin. Nutr. 2003, 77 (3), 565–572. 

(117)  Brossard, N.; Croset, M.; Pachiaudi, C.; Riou, J. P.; Tayot, J. L.; Lagarde, M. 

Retroconversion and metabolism of [13C]22:6n-3 in humans and rats after intake of a 

single dose of [13C]22:6n-3-triacylglycerols. Am. J. Clin. Nutr. 1996, 64 (4), 577–586. 

(118)  Conquer, J. A.; Holub, B. J. Supplementation with an algae source of docosahexaenoic 

acid increases (n-3) fatty acid status and alters selected risk factors for heart disease in 

vegetarian subjects. J. Nutr. 1996, 126 (12), 3032–3039. 

(119)  Conquer, J. A.; Holub, B. J. Dietary docosahexaenoic acid as a source of eicosapentaenoic 

acid in vegetarians and omnivores. Lipids 1997, 32 (3), 341–345. 

(120)  Stark, K. D.; Holub, B. J. Differential eicosapentaenoic acid elevations and altered 

cardiovascular disease risk factor responses after supplementation with docosahexaenoic 



 

 34 

acid in postmenopausal women receiving and not receiving hormone replacement therapy. 

Am. J. Clin. Nutr. 2004, 79 (5), 765–773. 

(121)  Turchini, G. M.; Nichols, P. D.; Barrow, C.; Sinclair, A. J. Jumping on the omega-3 

bandwagon: distinguishing the role of long-chain and short-chain omega-3 fatty acids. 

Crit. Rev. Food Sci. Nutr. 2012, 52 (9), 795–803. 

(122)  Rymer, C.; Givens, D. I. n−3 fatty acid enrichment of edible tissue of poultry: A review. 

Lipids 2005, 40 (2), 121–130. 

(123)  Gonzalez-Esquerra, R.; Leeson, S. Alternatives for enrichment of eggs and chicken meat 

with omega-3 fatty acids. Can. J. Anim. Sci. 2001, 81 (3), 295–305. 

(124)  Bauman, D. E.; Griinari, J. M. Nutritional regulation of milk fat synthesis. Annu. Rev. 

Nutr. 2003, 23 (1), 203–227. 

(125)  Haak, L.; De Smet, S.; Fremaut, D.; Van Walleghem, K.; Raes, K. Fatty acid profile and 

oxidative stability of pork as influenced by duration and time of dietary linseed or fish oil 

supplementation. J. Anim. Sci. 2008, 86 (6), 1418–1425. 

(126)  Crespo, N.; Esteve-Garcia, E. Nutrient and fatty acid deposition in broilers fed different 

dietary fatty acid profiles. Poult. Sci. 2002, 81 (10), 1533–1542. 

(127)  Lopez-Ferrer, S.; Baucells, M. D.; Barroeta, A. C.; Grashorn, M. A. n-3 Enrichment of 

Chicken Meat. 1. Use of Very Long-Chain Fatty Acids in Chicken Diets and Their 

Influence on Meat Quality: Fish Oil. Poult. Sci. 2001, 80 (6), 741–752. 

(128)  Charlotte Lemahieu, Charlotte Bruneel, Romina Termote-Verhalle, Koenraad Muylaert, 

Johan Buyse, I. F. Impact of feed supplementation with different omega-3 rich microalgae 

species on enrichment of eggs of laying hens. Food Chem. 2013, 141 (4), 4051–4059. 

(129)  Antruejo, A.; Azcona, J. O.; Garcia, P. T.; Gallinger, C.; Rosmini, M.; Ayerza, R.; Coates, 



 

 35 

W.; Perez, C. D. Omega-3 enriched egg production: the effect of alpha -linolenic omega -

3 fatty acid sources on laying hen performance and yolk lipid content and fatty acid 

composition. Br. Poult. Sci. 2011, 52 (6), 750–760. 

(130)  Mourot, J.; Guy, G.; Peiniau, P.; Hermier, D. Effects of overfeeding on lipid synthesis, 

transport and storage in two breeds of geese differing in their capacity for fatty liver 

production. Anim. Res. 2006, 55 (5), 427–442. 

(131)  Scorletti, E.; Byrne, C. D. Omega-3 fatty acids, hepatic lipid metabolism, and 

nonalcoholic fatty liver disease. Annu. Rev. Nutr. 2013, 33, 231–248. 

(132)  Gregory, M. K.; James, M. J. Functional characterization of the duck and turkey fatty acyl 

elongase enzymes ELOVL5 and ELOVL2. J. Nutr. 2014, 144 (8), 1234–1239. 

(133)  Meyer, B. J. Are we consuming enough long chain omega-3 polyunsaturated fatty acids 

for optimal health? Prostaglandins. Leukot. Essent. Fatty Acids 2011, 85 (5), 275–280. 

(134)  Guglielmo, C. G. Move that fatty acid: fuel selection and transport in migratory birds and 

bats. Integr. Comp. Biol. 2010, 50 (3), 336–345. 

(135)  Ben-Hamo, M.; McCue, M. D.; Khozin-Goldberg, I.; McWilliams, S. R.; Pinshow, B. 

Ambient temperature and nutritional stress influence fatty acid composition of structural 

and fuel lipids in Japanese quail (Coturnix japonica) tissues. Comp. Biochem. Physiol. A. 

Mol. Integr. Physiol. 2013, 166 (2), 244–250. 

(136)  Silversides, F. G.; Crawford, R. D. Effects of imperfect albinism (sal-s) on growth in a 

heavy line of chickens. Poult. Sci. 1991, 70 (1), 6–12. 

(137)  Liu, W.; Lai, S.; Lu, L.; Shi, F.; Zhang, J.; Liu, Y.; Yu, B.; Tao, Z.; Shen, J.; Li, G.; et al. 

Effect of dietary fatty acids on serum parameters, fatty acid compositions, and liver 

histology in Shaoxing laying ducks. J. Zhejiang Univ. Sci. B 2011, 12 (9), 736–743. 



 

 36 

(138)  Du, M.; Ahn, D. U. Dietary CLA affects lipid metabolism in broiler chicks. Lipids 2003, 

38 (5), 505–511. 

(139)  Dodson, M. V; Hausman, G. J.; Guan, L.; Du, M.; Rasmussen, T. P.; Poulos, S. P.; Mir, 

P.; Bergen, W. G.; Fernyhough, M. E.; McFarland, D. C.; et al. Lipid metabolism, 

adipocyte depot physiology and utilization of meat animals as experimental models for 

metabolic research. Int. J. Biol. Sci. 2010, 6 (7), 691–699. 

(140)  Wood, J. D.; Enser, M.; Fisher, A. V.; Nute, G. R.; Sheard, P. R.; Richardson, R. I.; 

Hughes, S. I.; Whittington, F. M. Fat deposition, fatty acid composition and meat quality: 

A review. Meat Sci. 2008, 78 (4), 343–358. 

(141)  Rooney, L. W.; Miller, F. R. Variation in the structure and kernel characteristics of 

sorghum. In Proceeding of the International Symposium on Sorghum Grain Quality; 

Patancheru, India, 1982; p 143. 

 

 

  



 

 37 

Figure 1-1 Structure of flavonoids, phenolic acids and tannins.1 
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Figure 1-2 Structures of stilbene and lignan.1 
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Figure 1-3 Diagram of sorghum caryopsis showing the pericarp [cutin, epicarp, mesocarp, 

tube cells, cross cells, testa, pedicel, and stylar area (SA)], endosperm (E) (aleurone layer, 

corneous, and floury), and germ [scutellum (S) and embryonic axis (EA)].141 
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Figure 1-4 Structures of simple phenols and phenolic acids found in sorghum.9,10,14 
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Figure 1-5 Structure of some sorghum flavanols.14 
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Figure 1-6  The main sorghum anthocyanidins and 3-deoxyanthocyanidin.14,21 
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Figure 1-7 Structure of condensed tannins in sorghum.7,14 
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Figure 1-8 Levels of different cyclins in different cell cycle phases and regulation of 

different cell cycle phases by different cyclin-CDK complexes.46 
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Figure 1-9 Schematic diagram showing targets of same natural phenolic compounds in part 

of cell cycle regulatory network.46 

Red arrowhead or lines indicate activation or increasing of expression and green ones indicate 

inhibition or decreasing of expression. Quadrangular boxes contain phenolic compounds and 

round boxes contain components involving in cell cycle regulation.  
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Figure 1-10 Structure of representative omega-3 PUFAs. 

(source: http://chemistry.tutorvista.com/biochemistry/omega-3-fatty-acids.html) 
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Figure 1-11 Conversion from ALA to EPA and DHA. ALA is converted to EPA through a 

sequential action of Δ-6 fatty acid desaturase, elongase, and Δ-5 desaturase. 

Note: EPA may be elongated to docosapentaenoic acid (DPA) and then desaturated by Δ-4 

desaturase to DHA. However, Sprecher et al.105 have demonstrated that EPA is likely elongated to 

DPA and to tetracosapentaenoic acid (TPA), desaturated to tetracosahexaenoic acid (THA) by Δ-

6 desaturase, translocated to peroxisomes, and β-oxidized to DHA. 
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Chapter 2 - Sorghum phenolic compounds are associated with cell 

growth inhibition through cell cycle arrest and apoptosis induction 

in human hepatocarcinoma HepG2 and colorectal adenocarcinoma 

Caco-2 cells 
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 Abstract 

Phenolic agents in sorghum have been associated with cancer prevention. However, direct 

evidence and the underlying mechanisms are mostly unknown. In this study, we selected 13 

phenolic-enriched sorghum accessions and tested their cell growth inhibition in the 

hepatocarcinoma HepG2 and colorectal adenocarcinoma Caco-2 cell lines. Total phenolic 

contents, as determined by Folin-Ciocalteu, were 30-64 mg GAE/g DW for the phenolic extracts 

of various accessions with comparison of the control accession F10000 at 2 mg GAE/g DW. 

Treatment of HepG2 with the extracted phenolics at 0-200 M GAE up to 72 hrs resulted in a 

dose- and time-dependent reduction in cell number. The IC50 values were varied from 85 to 221 

mg DW/mL when compared with the control F10000 at 1,275 mg DW/mL. The underlying 

mechanism was further examined in top two potential accessions (PI329694 and PI570481), 

significant inverse correlations were observed between the decreased cell number and increased 

cell cycle arrest at G2/M or induced cell death in both HepG2 and Caco-2 cells. The cytotoxic 

assay showed the sorghum phenolic extracts were non-toxic to the cells. The cytotoxic assay 

showed that the sorghum phenolic extracts were non-toxic. Although it was less sensitive, a similar 

inhibitory impact on cell growth and underlying mechanisms were found in colorectal 

adenocarcinoma Caco-2 cells. Taken together, these results indicated for the first time that a direct 

inhibition of either HepG2 or Caco-2 cell growth by phenolic extracts from the selected 13 

sorghum accessions. These findings also suggested that sorghum could be a valuable functional 

food by providing sustainable phenolics for potential cancer prevention.  

Keywords:  sorghum, phenolic compounds, cell growth inhibition, cell cycle analysis, apoptosis, 

HepG2, Caco-2
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 1. Introduction 

For many decades, the nutrition value of sorghum has considered to be less comparable with other 

cereals [1], even nowadays people still under-estimate the nutritional advantages of sorghum. In 

addition to gluten-free and suitable food for people with celiac disease, sorghum recently becomes 

of particular interests because of its high level and diversity of phenolics for potential health 

benefit, especially in cancer prevention [2]. Earlier investigation showed that an average of 35% 

of overall human cancer-related mortality was attributed to diet. [3] As a major component of 

healthy diets as well as the main bioactive compounds of sorghum, phenolic compounds are found 

rich in some sorghum accessions, whose profile is more diverse and higher than other crops such 

as wheat, barley, rice, maize, rye and oats. [4]  Numerous studies reported cancer prevention effect 

of phenolic compounds in fruits and vegetables while few was focused on that of sorghum whole 

grain. [1,5] 

           Compelling data from epidemiological and animal studies have suggested that phenolic 

compounds could potentially contribute to anti-cancer effect through their biological properties 

including antioxidant activity, induction of cell cycle arrest and apoptosis, and promotion of tumor 

suppressor proteins, etc. [8-10] There’re plenty of literature available on properties of various 

phenolic-rich foods such as tea and red wine/grapes in relation to various types of cancer[5], while 

studies regarding the association between sorghum phenolic compounds and cancers are scarce. 

Epidemiological studies reported that sorghum consumption consistently correlated with low 

incidences of esophageal cancer in various parts of the world (including several parts of Africa, 

Russia, India, China, Iran, etc.) whereas wheat and corn consumption correlated with elevated 

incidences. [9–11] In vivo studies regarding sorghum phenolics’ anti-cancer effect are even less, 

Lewis et al [12] in 2008 reported that by feeding normolipidemic rats with diet containing sorghum 
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bran could significantly reduce the number of aberrant crypts in the rats. More recently, Park et al 

[13] found that the metastasis of breast cancer to the lungs was blocked by sorghum extracts in the 

metastatic animal model. However, the mechanisms by which sorghum reduced the risk of cancer 

are unclear. In vitro data is the first and necessary step to understand the underlying mechanisms 

of anti-cancer effect. A few in vitro studies published recently using sorghum extracts to treat 

several cancer cells including leukemia (HL-60)[14], breast (MCF-7, MDA-MB 231) [15-16], 

colon (HT-29) [16] and liver (HepG2) [16] cells and found consistent results such as induction of 

cell apoptosis, inhibition of cell proliferation, and promotion of expression of cell cycle regulators 

by sorghum extracts.  

         In our study, the human hepatocellular carcinoma HepG2 cells were selected since liver is 

the major site for the metabolism of dietary compounds including phenolic compounds. However, 

to use only one cell line seems not sufficient enough to get a comprehensive understanding of the 

anti-cancer effect of sorghum phenolics. Given the reason that intestine is the major site for the 

absorption of phenolic compounds, and colorectal cancer appears most relevant to dietary factors 

when comparing with other type of cancers, we also selected the colon adenocarcinoma Caco-2 

cells, which is widely used as a valuable model for evaluation of anti-cancer effect of these 

compounds. Thus, our present study is the first time to use both HepG2 and Caco-2 cell lines for 

the effect on cell growth inhibition of sorghum phenolic extracts and meanwhile compare the 

underlying mechanisms including cell cycle arrest, apoptosis and cytotoxicity for both cell lines. 

         Given the high beneficial potential of sorghum phenolic compounds and the lag behind 

similar research on other plant foods, sorghum is a candidate food that deserves systematic 

investigation. Therefore, present study selected 13 sorghum accessions with high antioxidant 

activities tested by our previous studies, and was aimed to investigate: (1) the effect of extracted 
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sorghum phenolics on inhibiting cancer cell growth using HepG2 and Caco-2 cell lines; (2) and 

the underlying mechanisms regarding cytotoxicity and cell cycle interruption. The comparison 

between the two cell lines would contribute to a better understanding of anti-cancer activities by 

sorghum phenolics with a long-term goal to promote sorghum as a sustainable phenolics source as 

well as a healthy food product for humans in the western world. 

 

2. Materials and methods 

2.1. Sorghum accessions  

        Thirteen sorghum accessions that selected from previous studies as having high antioxidant 

activity were provided by Dr. Thomas Herald at USDA-ARS in Manhattan, KS. Accession 

numbers: PI152653, PI152687, PI193073, PI329694, PI559733, PI559855, PI568282, PI570366, 

PI570481, PI570484, PI570819, PI570889, PI570993. Another sorghum accession F1000 was 

selected as control as it has the least level of phenolics, while PI329694 and PI570481 together 

with the control were selected as representative sorghum accessions for the following assays in 

this study.  

2.2. Reagents 

        Reagents including acetone, ethanol, Folin-Ciocalteu reagent, gallic acid, sodium carbonate, 

HyClone Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum, phosphate buffered 

saline (PBS), penicillin/streptomycin, trypsin-EDTA, propidium iodide (PI), RNase were 

purchased from Fisher Scientific Co. L.L.C (Pittsburgh, PA, 15275 USA). CytoSelectTM LDH 

Cytotoxicity Assay Kit was purchased from Cell Biolabs, Inc (San Diego, CA, 92126 USA). 

2.3. Extraction  
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        Sorghum flour (0.2-0.5g) were extracted in 10 mL 70% aqueous acetone (v/v) for 2 h while 

shaking at low speed using a 211DS shaking incubator (Labnet International, Inc., Edison, NJ 

USA), followed by storing at -20 °C in the dark overnight, allowing the phenolics to completely 

diffuse from the cellular matrix into the solvent and enhance extraction. Extracts were then 

equilibrated at room temperature, then centrifuged at 2970 × g for 10 min. The residue was rinsed 

with additional 10 mL solvents with 5 min shaking and centrifuged at 2970 × g for 10 min. The 

combined two aliquots were either used for total phenolic content determination or dried under a 

stream of Nitrogen followed by evaporation. The dried extracts were then dissolved in dimethyl 

sulfoxide (DMSO) to make stock solutions and stored at -20 °C for further analysis. Before each 

use, the stock solution was diluted with fresh medium to achieve the desired concentrations (0-200 

M GAE). The final DMSO concentration in all cultures was <0.1%,  which did not alter cell 

growth and cell cycle measurements when compared with vehicle-free medium. All extractions 

and analysis were conducted in triplicate. 

2.4. Total phenolic content 

        Determination of total phenolic contents was performed using the Folin-Ciocalteu assay [17], 

adapted to 96-well microplates. A stock solution of 1 mg/mL Gallic acid in distilled water was 

prepared, and concentrations ranging from 12.5-200 g/mL in 70% acetone were made for a 

standard curve. A solution of Na2CO3 at 7.5% (w/v) was also prepared. To each of the 96 wells, 

75 L distilled water was added, followed by 25 L either aliquot of extracts or gallic acid standard 

at various concentrations. Folin-Ciocalteu reagent diluted 1:1 with distilled water was then added 

to each well. The reaction was allowed to stand for 10 min at room temperature, and then 100 L 

of Na2CO3 solution was added to each well. Plate was covered and stand in dark for 90 min before 

measuring. Absorbance were read in a microplate reader SynergyHT, Biotek (Winnoski, USA); 
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with Gen5TM2.0 data analysis software. Results were expressed as mg gallic acid equivalent (GAE) 

per g dry weight (DW). 

2.5. Cell culture 

        The human hepatocellular carcinoma cells HepG2 (HB-8065) and human colorectal 

adenocarcinoma cells Caco-2 (HTB-37) were purchased from American Type Culture Collection 

(ATCC), Manassas, VA, 20108 USA. Cells were cultured in DMEM supplemented by 10% FBS, 

100 g/mL streptomycin, and 100 units/mL penicillin at 37 °C in a 5% CO2 humidified 

atmosphere. Cells in the exponential growth phase were used for all experiments. 

2.6. Cell growth inhibition assay 

        Two milliliter cell suspension (1  105 cells/mL) were seeded into 6-well plates and cultured 

in a humidified incubator to allow adhesion. Cells were then treated with extracted sorghum 

phenolics at various concentrations of 0-200 M GAE for up to 72 hrs. After incubation with each 

treatment, cells at 24, 48 and 72 hrs were detached by 0.05% trypsin-EDTA solution at 37 °C and 

then suspended in PBS. The number of suspended cells was counted with a hemacytometer as 

described by our previous publication.[18] IC50 values for each accession at 72 hrs were calculated 

based on the cell growth inhibition data.  

2.7. Cytotoxicity assay 

        Cytotoxicity was assessed by lactate dehydrogenase (LDH) leakage into the culture medium. 

The activity of LDH in the medium was determined using a commercially available kit 

CytoSelectTM LDH Cytotoxicity Assay Kit from Cell Biolabs, Inc. Cell suspension containing 0.1-

1.0  106 cells/mL were seeded into a 96-well plate and cultured at 37°C and 5% CO2 with sorghum 

extracts at 0-200 M GAE for 24 hours. Negative (sterile water) control was then added to each 

well and positive (Trition X-100) control were added to wells without sorghum extracts at the same 
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time. Aliquots of media and reagents were mixed in a 96-well plate and incubated at 37 °C and 

5% CO2 for 0.5 hrs. Absorbance was recorded using a microplate reader SynergyHT, Biotek 

(Winnoski, USA), and analyzed with Gen5TM2.0 data analysis software. The % Relative 

Cytotoxicity was calculated using the following equation: 

𝑂𝐷(𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 𝑠𝑎𝑚𝑝𝑙𝑒)−𝑂𝐷(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝑂𝐷(𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)−𝑂𝐷(𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
   100 = % Relative Cytotoxicity 

2.8. Cell cycle analysis 

        The cell cycle analysis was conducted for sorghum accession PI329694 as having highest 

total phenolic content (Table 1), and PI570481 as having lowest IC50 value (Table 2), as well as 

the sample control F10000. Cells were treated with extracted sorghum phenolics at various 

concentrations (0-200 M GAE) and harvested after 72 hrs. After centrifugation, cells were fixed 

in 70% ethanol at 4 °C and then re-suspended in propidium iodide (PI) staining solution containing 

20 g/mL PI and 5 U/mL RNase in PBS at 37 °C for 15 min before analysis by a flow cytometry 

(LSR Fortessa X-20 and FACSCalibur, BD, Franklin Lakes, NJ 07417-1880 USA) with excitation 

at 488 nm and emission at 617 nm. 

2.9. Statistics 

        Data were analyzed by the SAS statistical system (version 9.2). The significance of the trend 

for cell growth inhibition at various concentrations for three exposure times was analyzed with 

linear regression. The effect of extracted phenolic at various concentrations for 72 hours on cell 

cycle arrest and apoptosis was analyzed by one-way ANOVA with Tukey adjustment. Pearson 

correlation coefficients (r) were used to analyze the relationships between total phenlic contents 

and IC50 values for all sorghum accessions, as well as cell numbers and percentages of cells arrest 

at G2/M or apoptosis for accession PI329694, PI570481 and control for both cell lines. 
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3. Result 

3.1. Total phenolic content 

        The total phenolic contents for the 13 sorghum accessions were determined by Folin-

Ciocalteu method as described previously, results were expressed as mg gallic acid equivalent per 

g dry weight (GAE/g DW). The total phenolic contents ranged from 31 to 63.7 mg GAE/g DW 

with the highest being PI329694, while the control (F10000) was as low as 2.3 mg GAE/g DW 

(Table 1).  

3.2. Cell growth inhibition 

        The cell growth inhibition assay was conducted for all accessions in HepG2 cells (Figure 1), 

IC50 values (table 2) were calculated for each accession by linear regression of cell growth 

inhibition data at 72 hours. Results showed a dose-dependent decrease in cell numbers for all the 

accessions in HepG2 cell. Although the cell growth inhibition patterns were similar among the 13 

sorghum accessions examined in our study. However, IC50 values (table 2) varied from 85.8 to 

221.8 mg DW/mL comparing with the control that has an IC50 value as high as 1275.6 mg DW/mL. 

The IC50 value for accessions PI570481 was the lowest which suggested that PI570481 was the 

most efficient in suppressing HepG2 cells growth. Based on the result of total phenolic content 

and IC50 values, PI329694, PI570481, and the control (F10000) were selected for Caco-2 cells and 

comparing with the result in HepG2 cells. Results as shown in figure 2 indicated that treatment of 

both cell lines with sorghum phenolic extracts at 0 to 200 M GAE for up to 72 hours resulted in 

a dose- and time- dependent reduction in cell number. The IC50 values were calculated at 72 hours 

for the three representative accessions in both cell line, PI329694 had a lowest value (102.4 mg 

DW/mL) in Caco-2 cells while PI570481 (85.8 mg DW/mL) being the lowest in HepG2 cells. The 

IC50 values of F10000 in both cell lines were around 10 times higher than the other two accessions. 
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3.3. Cytotoxicity assay 

        Cytotoxicity was tested in both cell lines, and assessed by lactate dehydrogenase (LDH) 

leakage into the culture medium using a commercially available kit CytoSelectTM LDH 

Cytotoxicity Assay Kit from Cell Biolabs, Inc. The % Relative Cytotoxicity values at each 

concentrations of sorghum extracts for various sorghum accessions were calculated using the 

equations mentioned previously, all the values were lower than 15% and the treated cells did not 

differ significantly from the vehicle control, which suggested that sorghum phenolic extracts were 

non-toxic to both cell lines (data not shown). 

3.4. Cell cycle arrest and cell death 

        Sorghum accession PI329694, PI570481 and F10000 was selected as representative for cell 

cycle analysis. The effect of sorghum phenolic extracts on cell cycle was assessed by using a DNA 

flow cytometry, results were shown in Figure 3. Treatment of HepG2 with sorghum phenolic 

extracts at 0-200 M GAE for 72 hours showed an increase in the percentage of cells at G2/M 

phase and a decrease in the percentage of cells at G1 phase. While in Caco-2 cells, it did not show 

an increase in G2/M phase or decrease in G0/G1 phase until phenolic concentration reached 100 

M GAE. Proportions of cells at S-phase were not significantly altered by sorghum phenolic 

extracts at any concentration in the two cell lines. The treatment of HepG2 with sorghum phenolic 

extracts at 0-200 M GAE for 72 hours also resulted in an increase in the percentage of dead cells 

in both cell lines for the three accessions (Figure 4).  

 

3.5. Correlation coefficient 

        Correlation coefficient (r) was calculated to determine whether an association existed 

between: (1) total phenolic contents and IC50 values from 13 sorghum accessions in HepG2 cells; 
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(2) cell number decreasing and accumulation % of cells at G2/M phase or dead cells for accessions 

PI329694, PI570481 and control in both cell lines. As shown in Table 3, significant inverse 

correlation was observed between total phenolic contents and IC50 values in all accessions (r = -

0.6806, p<0.05). Meanwhile significant inverse correlations (Table 3) were also observed between 

the decreasing of cell number and increasing accumulation of G2/M and dead cells in sorghum 

accessions PI 329694, PI570481and control in both HepG2 and Caco-2 cells.  

 

 4. Discussion  

        Thirteen sorghum accessions were selected from previous studies as having high antioxidant 

activity, accession F10000 that having the least phenolic content was selected to serve as control. 

Phenolic compounds could be classified as antioxidants because of their phenol rings and hydroxyl 

groups in the structure. In the present study, total phenolic contents determined by Folin-Ciocalteu 

assay were 30-64 mg GAE/g DW in various accessions (Table 1) while the control only contains 

2.3  0.2 mg GAE/g DW total phnoelics. This result indicate that the thirteen accessions could be 

potential candidates of phenolic resource for cancer prevention because higher phenolic content 

are potentially linked to higher antioxidant activity. Antioxidants are reported having the potential 

ability to prevent the initiation of carcinogenesis via either direct scavenging of reactive 

oxygen/nitrogen species (ROS/RNS) or induce cellular defense detoxifying/antioxidant enzymes 

that contribute to cellular protection against ROS/RNS and reactive metabolites of 

carcinogens.[19]  

Treatment of sorghum phenolics at various concentrations for up to 72 hours resulted in a 

significant inhibition of cell growth in a dose- and time- dependent manner (Figure 1 and 2) in 

both HepG2 and Caco-2 cell lines. The selected two cell lines which were derived from intestine 
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and liver respectively, are believed to have the opportunity of exposing to sorghum phenolic 

compounds after ingestion. IC50 values were calculated based on the data of cell number reduction 

at 72 hrs in cell growth inhibition assay and found to vary from 85.8 to 221.8 mg DW/mL (Table 

2), with sorghum accession PI570481 being the lowest and PI559855 the highest when comparing 

with that (1275.6 mg DW/mL) of control in HepG2 cells. Similar results also found in Caco-2 cells 

treated with various concentrations of phenolic extract from sorghum accession PI329694, 

PI570481 and control (Table 2 and Figure 2). These results indicated that sorghum accessions rich 

in phenolic compounds effectively suppressed the cell growth in both HepG2 and Caco-2 cell 

lines. Possible inhibition mechanisms including: (1) perturb cell cycle specific proteins, affect 

and/or block the continuous proliferation of tumorigenic cells[20]; (2) induce apoptosis by 

activation of caspases-3 and -9, diminished levels Bcl-2 and Mcl-1[21], [22], or cell cycle arrest,  

etc.  

To investigate the underlying mechanisms of cancer cell growth inhibition by sorghum 

phenolics, cytotoxicity was tested by using a commercial available kit, this assay is based on the 

conversion of lactate to pyruvate in the presence of LDH (Lactate Dehydrogenase) with parallel 

reduction of NAD. The formation of NADH from the above reaction results in converting WST-1 

(present in the reagent) to an orange formazan that can be detected under absorbance at 450 nm. 

The % Relative Cytotoxicity values at each concentrations of sorghum phenolic extracts for 

various sorghum accessions in both cell lines were lower than 15% and the treated cells did not 

differ significantly from the vehicle control, which suggested that sorghum phenolic extracts were 

non-toxic to the cells. However, we still found dead cells in cell cycle analysis by flow cytometry, 

the percentage of dead cells were increased in a dose-dependent manner in both cell lines (Figure 

4). In addition, both cell lines undergone accumulation of G2/M phase and decrease of percentage 
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of cells at G1 phase (Figure 3). These findings indicated that the death of the cells appears to be 

cytostatic, not cytotoxicity, since the cytotoxicity assay showed the sorghum phenolics are non-

toxic to the cells. To further confirm the cause of cell death, we could use tunnel assay or apoptosis 

marker such as annexin V. Cancer progression has been suggested to involve the loss of cell-cycle 

checkpoint controls that regulate the passage through the cell-cycle. These checkpoints monitor 

the integrity of the DNA and ensure that genes are expressed in a coordinated manner.[23] The 

cell cycle arrest may trigger the DNA repair machine, leading to apoptosis which causes cell death. 

The apoptosis in HepG2 and Caco-2 cells may also induced through changing mitochondrial 

membrane potential and downregulation of the anti-apoptotic protein, bcl(xl). [24] 

        Coefficient correlations were further calculated between (1) total phenolic contents and IC50 

values in the 13 accessions in HepG2 cells; (2) cell number decreasing and proportion of cells 

arrested at G2/M phase for the three representative accessions in both cell line; (3) cell number 

decreasing and proportion of dead cells for the three representative accessions in both cell line. 

Significant inverse correlation observed between total phenolic contents and IC50 values of the 

thirteen sorghum accessions (Table 3) suggested the cell growth inhibition by sorghum extracts 

was associated with their phenolic contents. While, strong significant inverse correlations observed 

between dose-dependent cell number decreasing and accumulation of cells in G2/M phase and 

dead cells (Table 3) in both cell lines, further suggested that the inhibitory effect of sorghum 

phenolic compounds on cell growth is through cytostatic. The higher r values of percentage of 

cells at G2/M phase in HepG2 cells may indicate that these cells were more sensitive to sorghum 

phenolic extracts than Caco-2 cells which may due to intrinsic properties of the cells.  

        In conclusion, the present study shows that phenolic extracts in sorghum effectively inhibited 

HepG2 or Caco-2 cell growth in a dose- and time- dependent manner. The cell growth inhibition 
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by the sorghum extracts were significantly associated with their phenolic contents. Furthermore, 

the inhibition appeared to be mediated by cytostatic, not cytotoxicity. Taken together, this study is 

the first time to investigate and compare the anti-cancer effect of sorghum phenolic compounds in 

both HepG2 and Caco-2 cell lines, our findings suggested that sorghum is a valuable food crop to 

provide sustainable phenolics and furthermore promote human health. 
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Table 2-1 Phenolic Contents in Various Sorghum Accessions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     Values are expressed as mean ± SD (n=3); mg GAE/g 

DW represent for milligram gallic acid equivalent per 

gram dry weight. 

   

Sorghum Accession 

No. 

Total Phenolic Content 

(mg GAE/g DW) 

F10000 (control) 2.3  0.2 

PI 559855 31.0  0.2 

PI 152687 44.6  2.9 

PI 570819 48.2  4.4 

PI 570993 51.0  1.9 

PI 559733 51.5  1.4 

PI 570366 54.3  1.7 

PI 152653 54.6  1.2 

PI 570484 54.8  0.8 

PI 193073 55.1  4.5 

PI 570889 58.0  2.0 

PI 568282 58.3  2.5 

PI 570481 58.5  2.5 

PI 329694 63.7  2.5 
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Table 2-2 IC50 Values of sorghum phenolic extracts in HepG2 and Caco-2 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Sorghum Accession 

No. 

IC50 

(mg DW /mL) 

 HepG2 Caco-2 

F10000 (control) 1275.6 1131.3 

PI 559855 221.8  

PI 152687 138.9  

PI 570819 192.1  

PI 570993 146.2  

PI 559733 90.8  

PI 570366 120.9 / 

PI 152653 127.9  

PI 570484 158.0  

PI 193073 177.3  

PI 570889 120.9  

PI 568282 113.3  

PI 570481 85.8 115.6 

PI 329694 126.8 102.4 
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Table 2-3 Correlation coefficient (r) among total phenolic contents with IC50 values from 

the phenolic extracts of 13 sorghum accessions in HepG2 cells, or cell number with cell 

cycle arrest and apoptotic cells from control, PI329694 and PI570481 in both cell lines. 
 

IC50 
  

Total phenolic content -0.6806* 
  

  Cell Arrest  

at G2/M 

Apoptotic 

cells 

HepG2 
   

F10000 control  -0.8608* -0.9377** 

PI329694 Cell number -0.8281* -0.9764** 

PI570481  -0.9469** -0.9097** 

Caco-2    

F10000 control  -0.7599* -0.9719** 

PI329694 Cell number -0.7655* -0.8199* 

PI570481  -0.6840* -0.8925* 

      *p<0.05, **p<0.01.  

  



 

 81 

Figure Legends 

Figure 2-1 The effect of various sorghum phenolic extracts at 0-200 M GAE on cell 

number in HepG2 cells after 72 hrs. HepG2 cells were cultured with phenolic extracts at 

various concentrations (0-200 M GAE) in 6-well plates, and then detached by trypsin-EDTA 

solution, and the cell number was counted by a hemacytometer. Values are expressed as Mean  

SD (n=3), the significance of the trend for cell growth inhibition at various concentrations was 

analyzed with linear regression, p<0.05. 

Figure 2-2 The effect of representative sorghum phenolic extracts at 0-200 M GAE on cell 

number in both HepG2 and Caco-2 cells for up to 72 hrs. The representative sorghum 

accessions were: PI329694, PI570481 and control (F10000). Cells were cultured with phenolic 

extracts at various concentrations (0-200 M GAE) in 6-well plates, then detached by trypsin-

EDTA solution and harvested by resuspension in medium for an immediate counting of cell 

numbers by hemacytometer at each time point. Values are expressed as Mean  SD (n=3), the 

significance of the trend for cell growth inhibition at various concentrations at each time point 

was analyzed with linear regression, p<0.05. 

Figure 2-3 Cytostatic effect of representative sorghum phenolic extracts in HepG2 and 

Caco-2 cell lines. The representative sorghum accessions were: PI329694, PI570481 and control 

(F10000). Cells were cultured with sorghum phenolic extracts at 0-200 M GAE for 72 hrs, and 

then cell cycle was monitored by a DNA flow cytometric analysis as follows: solid circles, % of 

cells at G1 phase; open circles, % of cells at G2/M phase; solid triangles, % of cells at S phase. 

Values are expressed as Mean  SD (n=3), *p<0.05, **p<0.01 versus the vehicle controls. 

Figure 2-4 Percentage of dead cells induced by representative sorghum phenolic extracts in 

HepG2 and Caco-2 cell lines. The representative sorghum accessions were: PI329694, 
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PI570481 and control (F10000). Cells were cultured with sorghum phenolic extracts at 0-200 

M GAE for 72 hrs, and then apoptosis was analyzed by a DNA flow cytometry. Values are 

expressed as Mean  SD (n=3), *p<0.05, **p<0.01 versus the vehicle controls. 
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Figure 2-1 The effect of various sorghum phenolic extracts at 0-200 μM GAE on cell 

number in HepG2 cells after 72 hrs. 

 

Values are expressed as Mean  SD (n=3), the significance of the trend for cell growth inhibition 

at various concentrations was analyzed with linear regression, p<0.05 
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Figure 2-2 The effect of representative sorghum phenolic extracts at 0-200 μM GAE on cell 

number in both HepG2 and Caco-2 cells for up to 72 hrs. 

 

 

 

Values are expressed as Mean  SD (n=3), the significance of the trend for cell growth inhibition 

at various concentrations at each time point was analyzed with linear regression, p<0.05.  
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Figure 2-3 Cytostatic effect of representative sorghum phenolic extracts in HepG2 and 

Caco-2 cell lines. 

 

 

 

Values are expressed as Mean  SD (n=3), *p<0.05, **p<0.01 versus the vehicle controls. 
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Figure 2-4 Percentage of dead cells induced by representative sorghum phenolic extracts in 

HepG2 and Caco-2 cell lines. 

 

 

 

Values are expressed as Mean  SD (n=3), *p<0.05, **p<0.01 versus the vehicle controls. 
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Chapter 3 - Effect of Various Dietary Fats on Fatty Acid Profile in 

Duck Liver: Efficient Conversion of Short-chain to Long-chain 

Omega-3 Fatty Acids 
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 Abstract 

Omega-3 fatty acids, especially long-chain omega-3 fatty acids, have been associated with 

potential health benefits for chronic disease prevention. Our previous studies found that dietary 

omega-3 fatty acids could accumulate in the meat and eggs in a duck model. This study was to 

reveal the effects of various dietary fats on fatty acid profile and conversion of omega-3 fatty acids 

in duck liver. Female Shan Partridge Ducks were randomly assigned to five dietary treatments, 

each consisting of 6 replicates of 30 birds. The experimental diets substituted the basal diet by 2% 

of flaxseed oil, rapeseed oil, beef tallow, or fish oil, respectively. In addition, a dose response study 

was further conducted for flaxseed and fish oil diets at 0.5%, 1%, and 2%, respectively. At the end 

of the 5-week treatment, fatty acids were extracted from the liver samples and analyzed by GC-

FID. As expected, the total omega-3 fatty acids and the ratio of total omega-3/omega-6 

significantly increased in both flaxseed and fish oil groups when compared with the control diet. 

No significant change of total saturated fatty acids or omega-3 fatty acids was found in both 

rapeseed and beef tallow groups. The dose-response study further indicated that 59-81% of the 

short-chain omega-3 ALA in flaxseed oil-fed group was efficiently converted to long-chain DHA 

in the duck liver, whereas 1% of dietary flaxseed oil could produce an equivalent level of DHA as 

0.5% of dietary fish oil. The more omega-3 fatty acids, the less omega-6 fatty acids in the duck 

liver. Taken together, this study showed the fatty acid profiling in the duck liver after various 

dietary fat consumption, provided insight into a dose response change of omega-3 fatty acids, 

indicated an efficient conversion of short- to long-chain omega-3 fatty acid, and suggested 

alternative long-chain omega-3 fatty acid-enriched duck products for human health benefits.    

Keywords: omega-3 fatty acid, duck, liver, dietary fat, health benefits    



 

 89 

 Introduction 

Omega-3 polyunsaturated fatty acids (ω-3 PUFAs), in addition as essential nutrients, have 

been associated with potential health benefits in chronic disease prevention. There are two types 

of ω-3 PUFAs, known by short-chain ω-3 PUFAs like ALA (alpha-linolenic   acids, C18:3n-3) 

or long-chain ω-3 PUFAs such as EPA (eicosapentaenoic acid, C20:5n-3) and DHA 

(docosahexaenoic acid, C22:6n-3). Short-chain ω-3 PUFAs are presented in plant oil such as 

flaxseed and soybean oil, while long-chain ω-3 PUFAs are usually found in marine products such 

as fish oil. Although short-chain ω-3 PUFAs are more common and less expensive, the potential 

health benefits of ω-3 PUFAs have been related to long-chain ω-3 PUFAs only.    

Compelling data from epidemiological and interventional studies have demonstrated an inverse 

correlation between long-chain ω -3 PUFAs and risk of some chronic diseases,   including 

cardiovascular diseases,1,2 myocardial infarction,3,4 psoriasis,5
 
mental illnesses,6

 
  cancer,7,8 and 

bronchial asthma.9
 
Although it is not conclusive, some clinical trials also found long-chain ω-3 

PUFAs contributed to a lower risk of cancers, such as colon,10,11   breast,12,13 and prostate 

cancers.14 Therefore, the 2015 Dietary Guidelines for Americans recommends the consumption of 

8 oz. of seafood per week to provide an average of 250 mg/day of long chain omega-3 Fatty acids 

for health benefits.15 Moreover, The American Heart Association’s Strategic Impact Goal Through 

2020 and Beyond recommends at least two servings with 3.5-oz. fish every week to increase EPA 

and DHA intakes16, while an adequate intake of ω-6 linoleic acid as 17 g/d for men and 12 g/d for 

women at the age of 19 to 50 years17.  

 Humans can convert short-chain to long-chain omega-3 fatty acids, but the conversion 
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efficiency is limited, usually below 5% in adults18 or even less than 1% in infants and aging 

people.19 When compared with humans, however, waterfowls such as geese have been reported to 

convert short-chain to long-chain omega-3 fatty acids more efficiently by a series of desaturase 

and elongase in the liver20 and subsequently excreted into blood circulation to other tissues.21 The 

diverse conversion rates between human and waterfowl have driven scientists to consider that 

waterfowls may provide an alternate and sustainable source of long-chain ω-3 PUFAs from plant-

derived short-chain ALA.22-24  

Ducks are aquatic birds which have a high rate of lipogenesis to meet their energetic 

requirements during ancient migratory flight.25-26
 

It has been reported, for instance, the percent 

body fat could be reached as high as 37-42% in Peking ducks and 20-30% in Muscovy ducks.27 

Although duck products are popular with its unique flavor and juicy texture, the high fat content 

has raised health concerns. While certain species of lean ducks, such as the Shan Partridge contains 

7.5% of body fat only have been developed, modification of the fat composition in favor of higher 

ω-3 PUFAs in replace of ω-6 PUFAs and/or saturated fatty acids may provide promising healthy 

benefits. It has been noted that supplemented diets with vegetable oil and fish oil effectively 

enhanced ω-3 PUFAs in the products of pork,28 broilers29,30 and broiler eggs.31,32 Dietary ALA was 

also reported to promote EPA and DHA contents in chicken liver.33 Furthermore, Chen and Hsu 

reported an increased trend of EPA, DHA, and total ω-3 PUFAs in duck egg yolks by feeding cod 

liver oil diet.34 In addition to storage and transportation of lipids, liver of birds has a very high 

capacity of lipogenesis35. Fatty acids can be synthesis or converted in the liver, and then 

transported to other tissues such as adipose, cardiac and skeletal muscle. The conversion of fatty 

acids in the liver and incorporation of them into various tissues are well-established in response to 

the observed change of fatty acid composition36  in the relative tissues. Therefore, fatty acid 
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conversion in the liver may provide impact not only on a varied fatty acid composition but also on 

the meat quality including flavor and muscle color37. From an aspect of nutrition value, efficient 

conversion of short- to long-chain ω-3 PUFAs in the liver may boost the levels of long chain ω-3 

PUFAs and thus improve the meat quality. Our previous study found that fish oil and sunflower 

oil could significantly enhance the levels of EPA and DHA in the leg and chest muscles as well as 

eggs of Shan Partridge duck.38 However, the effect of various dietary fats on fatty acid profile and 

the conversion efficacy of ω-3 PUFAs in duck liver, to our knowledge, has yet to be well studied. 

The aim of this study was to assess the modification of fatty acid profiles in the liver of 

Shan Partridge duck after feeding various dietary fats, including ALA-enriched flaxseed oil, ω-6 

PUFA-enriched rapeseed oil, saturated fatty acid-enriched beef tallow, and EPA/DHA-enriched 

fish oil. The conversion efficacy of short-chain to long-chain ω-3 PUFAs was further investigated 

by a dose-response study for flaxseed and fish oil treatment, respectively.    

 

  Materials and methods 

   Animals 

Female Shan Partridge Ducks of the same genetic background and of comparable body    

weight at the age of 370 days were housed in the same room with incandescent lighting on 15:9 h 

light-dark cycle. Feed and water were provided for ad libitum consumption.  

Experimental design 

Shan Partridge Ducks were randomly assigned into 5 dietary treatment groups 
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including  a control group (each group with 6 replicates of 30 birds). The experimental diets 

substituted the basal diet by 2% of flaxseed oil, rapeseed oil, beef tallow, or fish oil, respectively. 

Control group was feed with the basal diet. In addition, a dose response  study was further 

conducted for flaxseed and fish oil diets only. Total 7 experimental  groups fed various 

substituted basal diet by 0.5%, 1%, and 2% flaxseed or fish oil respectively, and the control group 

fed with the basal diet. Each group had 6 replicates.  The ingredients and calculated nutrient level 

of the basal control diet was formulated to meet the nutrient requirements of the National Research 

Council (Table 1). The measured fatty acid values of the experimental diets in the present study is 

shown in Table 2. Diets were balanced to similar levels of protein, fat, total energy, and fiber. At 

the end of the 5-week dietary treatment, ducks were sacrificed and fresh duck livers were stored 

at -20°C for further lipid extraction.  

Lipid extraction 

One gram of the liver sample was grinded and mixed with 2 mL of chloroform/methanol 

(1:2, v/v in 0.001% Butylated hydroxytoluene), 1 mL of chloroform, and 1 mL of water. The 

mixture was then centrifuged at 1,000 rpm for 15 min. The lower layer was then collected. The 

above procedure was repeated twice. All the three lower layers were combined together and 

evaporated under a stream of N2 gas. One mL of chloroform was added to the dried tube before 

stored at -80°C until further lipid analysis.    

Fatty acid analysis 

Fatty acid methyl esters were synthesized according to the protocols of the Kansas 

Lipidomics Research Center. Briefly, each lipid extracted sample was transferred to Teflon-lined 
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screw cap tube. An internal standard, pentadecanoic acid (C15:0), was added to each sample. 

Derivatization was performed with 1mL of 3 M methanolic hydrochloric acid at 78°C for 30 min. 

Then 2 mL of water and 2 mL of hexan:chloroform (4:1, v/v) were added to each tube. The upper 

phase was collected after vortex and centrifuge. After the above procedure was repeated twice, 

three upper phase were combined and dried under nitrogen gas, re-dissolved in 200 μL of hexane 

and transferred into a GC vial with insert.  

Fatty acid methyl esters were analyzed using an Agilent 6890N gas chromatography 

equipped with a programmed temperature vaporization injector, an Agilent 7683 autosampler, and 

Agilent flame ionization detector (Santa Clara, CA). The GC was fitted with a HP-88 capillary 

column (100m × 0.25mm × 0.2μm, Agilent, Santa Clara, CA). The injector temperature was 

operated at 275°C with an injection volume of 1 μL. The detector temperature was set at 260°C. 

Helium was used as the carrier gas at a flow rate of 1.6 mL/min. The flow rate of air and hydrogen 

were 400 mL/min and 30 mL/min, respectively. The oven temperature ramp was programmed 

from an initial value of 150°C for 1 min to 175°C at 10°C /min for 10min, and then to 210°C at 

5°C/min for 5 min hold, finally to 230 °C at the same speed for 11 min. The total run time per 

sample is 40.5 min and the sampling rate of the FID was 20 Hz. Fatty acid peaks were identified 

by comparison of the relative retention times with the Supelco® 37 component fatty acid methyl 

ester mix standards. The content of each fatty acid was calculated based upon the area of each 

identified peak.  

Statistical analysis 

Data are expressed as mean ± SD. All the data were analyzed by two-way analysis of 

variance (ANOVA) and followed by pairwise comparison with Tukey adjustment using SAS 9.2 

(SAS Institute Inc., Cary, NC, USA). A value of P < 0.05 considered to be statistically significant.  
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 Results 

Fatty acid profile in duck liver  

A representative gas chromatography selected from each treatment group was showed in 

Figure 1. Total 23 fatty acids including the internal standard (peak 2, pentadecanoic acid, 15:0) 

were identified and analyzed in the duck liver samples, including saturated fatty acids (SFA 14:0, 

15:0, 16:0, 17:0, 18:0, 22:0, and 24:0), monounsaturated fatty acids (MUFA 16:1n-10, 16:1n-7, 

18:1n-9, 18:1n-7, and 20:1), ω-3 PUFAs (18:3, 18:4, 20:5, 22:5, and 22:6), and ω-6 PUFAs (18:2, 

20:2, 20:3, 20:4, 22:4, and 22:5). As shown in Table 3, the contents of fatty acids in duck liver fed 

various dietary fats for 5 weeks varied. No significant difference of total SFA, total MUFA, total 

ω-6 PUFAs, or individual ω-6 PUFA 18:2 and 20:2 was found among the treatment groups. Both 

short-chain ω-3 PUFA ALA (C18:3) and long-chain ω-3 PUFA DHA (C22:6) were significantly 

abundant in flaxseed oil group, while long-chain ω-3 PUFA DHA only were considerably found 

in fish oil group. The highest content of total ω-3 fatty acids was detected in fish oil-fed group, 

followed by flaxseed oil-fed and rapeseed oil-fed group. The content of arachidonic acid, one of 

the ω-6 PUFAs (20:4), was significantly lower in both flaxseed oil and fish oil groups when 

compared with the control. The ratios of total PUFA/SFA and Σn3/Σn6 were significantly higher 

in the flaxseed oil, rapeseed oil, and fish oil groups than that in the beef tallow or the control 

groups. 

A dose response study  

In order to investigate the conversion efficacy of short-chain to long-chain ω-3 fatty acids 

in the liver, a dose response study using flaxseed oil diet at 0.5%, 1%, and 2% doses versus fish 

oil diet was conducted. As shown in Table 4, the contents of ALA in the livers of ducks fed various 
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doses of flaxseed oil increased from the basal line of 0.06 to 0.16, 0.36, and 0.65 mg/g fresh weight 

gradually. Meanwhile, DHA content in flaxseed oil-fed group also increased from 0.29 to 0.72, 

1.06, and 1.01 mg/g fresh weight. In fish oil-fed groups, DHA but not EPA content increased 

significantly from 0.29 to 1.11, 1.76, and 2.08 mg/g fresh weight. On the contrary, the content of 

ω-6 arachidonic acid (AA, 20:4)    decreased in 2% of flaxseed oil- and 1-2% of fish oil-fed 

groups significantly.  

Conversion between ω-3 fatty acids 

The effect of short-chain ω-3 ALA-enriched flaxseed oil diet and long-chain ω-3 fatty 

acids-rich fish oil diet on liver DHA content is shown in Figure 2. DHA in duck liver became 

predominant in both fish oil and flaxseed oil groups. Among of ω-3 fatty acids, 91%, 92%, and 

85% were DHA in the liver of ducks fed various fish oil doses at 0.5%, 1%, and 2%, respectively. 

Meanwhile, 81%, 73%, and 59% of total ω-3 fatty acids were converted to DHA in the duck liver 

fed flaxseed oil at 0.5%, 1%, and 2%, respectively. When compared with fish oil group, 1% of 

flaxseed oil produced an equivalent level of DHA as 0.5% of dietary fish oil. 

Ratio of total ω-3/ω-6 fatty acids 

As shown in Figure 3, the ratios of Σω3/Σω6 in duck liver gradually increased as the doses 

of flaxseed oil or fish oil increased. Fish oil group possessed a higher Σω3/Σω6 value than flaxseed 

oil group at each dose, while a comparable value was observed between 1% of flaxseed oil and 

0.5% of fish oil treatment. 

 

 Discussion 

 Fatty acid manipulation via dietary means may provide an effective method to obtain 
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healthy animal products for humans. Our previous studies investigated the effect of dietary fat on 

fatty acid composition showing that different dietary fats could change ω-3 fatty acid composition 

in the duck eggs and muscle tissues. However, little information is available about ω-3 fatty acid 

profile in the liver modified by various dietary fats. Therefore, this present study, to our 

knowledge, is the first time to examine the modulation of different dietary fats on fatty acid profile 

and contents in the duck liver. 

After 5-week’s dietary treatment, all the dietary fats except for beef tallow showed 

significant modifications of the fatty acid profile and content in the duck liver. Although beef 

tallow provided more SFA than the control diet, no significant difference was found in 2% beef 

tallow-fed group, suggesting an effective transport and storage of SFA into non-hepatic tissues 

such as adipose tissues. Furthermore, the MUFA-enriched rapeseed oil treatment did not affect 

any fatty acids except for ALA that significantly increased in hepatic tissues. 

The most significant modification was observed in the groups fed with either flaxseed oil 

or fish oil. Ducks fed with flaxseed oil and fish oil diets were found to have much higher total ω-

3 PUFA and ω-3/ω-6 ratio than other groups. The ratio of ω-3/ω-6 was achieved as high as 0.28 

for flaxseed oil-fed group and 0.36 for fish oil-fed group. Such ratio is much higher than the 

modern Western diet and is compatible with that of our ancestors about 100-150 years ago.39 The 

increase of both ratios in flaxseed oil and fish oil groups directly not only due to the increase of ω-

3 fatty acids but also due to the decrease of ω-6 fatty acids, especially for AA. AA is a precursor 

of the derived eicosanoids such as PGE2, TXA2 and LTB4. The decrease of ω-6 fatty acids like 

AA may thus reduce risk of platelet aggregation, hemorrhage, and vasoconstriction.40-41 Some 

studies also suggested that a lower ratio of ω-3/ω-6 diets suppress inflammation in patients with 

rheumatoid arthritis,42,43 and have a beneficial effect on patients with asthma.44 The ω-3/ω-6 ratio 
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maybe a useful indicator to evaluate the healthy benefits of the functional food products. 

It is interesting that duck liver possesses an efficient conversion of all the short-chain ω-3 

fatty acids into long-chain DHA. About 60% of ALA in the flaxseed oil was converted to DHA in 

the duck liver, while 85% of total ω-3 fatty acids, mostly EPA and DHA, in the fish oil was 

converted to DHA. Such high conversion efficiency may be related to the broad substrate 

specificity of the duck elongase enzymes that convert the short-chain ω-3 PUFAs to final DHA 

exceptionally.23 

The results of dose response study showed that the total ω-3 fatty acids, specifically DHA, 

and the ratio of ω-3/ω-6 increased as the dose increased in both flaxseed oil and fish oil treatments. 

It should be noted that 60-81% of the short-chain omega-3 ALA in flaxseed oil-fed group was 

efficiently converted to long-chain DHA in the duck liver and 1% of dietary flaxseed oil produced 

an equivalent level of DHA or ω-3/ω-6 ratio as 0.5% of dietary fish oil. Therefore, the ducks fed 

flaxseed oil could be an alternative source of fish DHA. Considering that the cost of flaxseed oil 

is much less expensive than fish oil, it appears commercially applicable for flaxseed oil-enriched 

diet to be used by waterfowl to provide healthy products. 

Taken together, this study investigated the effects of various dietary fats on fatty acid 

profile and contents of ω-3 fatty acids in duck liver. Total ω-3 fatty acids and the ratio of total ω-

3/ω-6 significantly increased in both flaxseed oil- and fish oil-fed groups. About 60-81% of the 

short-chain ω-3 ALA in flaxseed oil-fed group was efficiently converted to long-chain DHA in the 

duck liver, whereas 1% of dietary flaxseed oil could produce an equivalent level of DHA as 0.5% 

of dietary fish oil. It is significant that the short-chain ALA was efficiency converted to long-chain 

DHA in the duck liver, which may provide an alternative DHA-enriched duck products for human 
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health benefits. 
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Table 3-1 Composition and main characteristics of the basal diet. 

Ingredients Content (g/kg)  Nutrient Content (g/kg) 

Maize grain 400 Metabolizable energy 11.2b 

Wheat 290  Crude protein 16.5 

Soybean meal 120  Total phosphorus 0.70 

Wheat bran 90  Total calcium 3.35 

Calcium hydrophosphate 12  Total lysine 0.79 

Stone powder 80  Total methionine 0.40 

Salt 3  Ether extract 29.0 

Premixa 5    

a Supplied per kg of diet: vitamin A 1,500 U, cholecalciferol 200 U, vitamin E (DL-α-tocopheryl 

acetate) 10 U, riboflavin 3.5 mg, pantothenic acid 10 mg, niacin 30 mg, cobalamin 10 μg, 

choline chloride 1,000 mg, biotin 0.15 mg, folic acid 0.5 mg, thiamine 1.5 mg, pyridoxine 3.0 

mg, Fe 80 mg, Zn 40 mg, Mn 60 mg, I 0.18 mg, Cu 8 mg, Se 0.3 mg; b Unit: MJ/kg 
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Table 3-2 Measured fatty acids in the experimental diets. 

Fatty acid* 
Content (g/100g total fatty acids) 

Control Flaxseed oil Rapeseed oil Beef tallow Fish oil 

SFA 32.6 25.5 26.2 41.9 30.4 

MUFA 37.8 33.0 48.5 36.9 45.7 

PUFA 29.8 41.6 25.4 20.3 35.1 

Total ω3 7.6 20.5 5.7 4.7 10.9 

18:3ω3 6.2 19.7 4.8 4.2 4.4 

20:5ω3 0.9 0.6 0.6 0.4 6.1 

22:6ω3 0.3 0.2 0.2 0.2 0.3 

Total ω6 19.3 19.1 17.8 13.3 14.2 

18:2ω6 18.8 18.7 17.4 12.9 12.7 

20:2ω6 0.1 0.1 0.1 0.1 0.8 

20:4ω6 0.5 0.4 0.3 0.3 0.7 

PUFA/SFA 0.9 1.6 1.0 0.5 1.2 

Σω3/ Σω6 0.4 1.1 0.3 0.4 0.8 

*SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty 

acids. (This table is modified from our published paper45). 
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Table 3-3 Fatty acid contents in the duck liver fed various dietary fats for 5 weeks.* 

Fatty acid 
Content (mg/g fresh weight) 

Control Flaxseed oil Rapeseed oil Beef tallow Fish oil 

SFA 8.5±1.9 8.9±0.7 10.0±2.5 9.8±1.0 11.1±3.7 

MUFA 7.0±2.3 7.9±1.4 12.2±4.9 9.4±1.3 11.3±6.0 

PUFA 5.7±0.9a 7.8±0.5ab 8.0±2.2ab 6.3±0.6a 9.6±3.3b 

Total ω3 0.4±0.0a 1.7±0.1c 1.0±0.3b 0.3±0.0a 2.5±0.7d 

  18:3ω3 0.1±0.0a 0.7±0.2c 0.4±0.3b 0.1±0.0a 0.1±0.1ab 

  20:5ω3 UD 0.0±0.0a 0.0±0.0a UD 0.2±0.0b 

  22:6ω3 0.3±0.0a 1.0±0.1b 0.6±0.1a 0.3±0.0a 2.1±0.5c 

Total ω6 5.3±0.9 6.1±0.4 7.01±2.0 6.0±0.6 7.2±2.8 

  18:2ω6 2.5±0.7 3.9±0.6 4.6±2.1 3.3±0.7 5.4±2.7 

  20:2ω6 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 

  20:4ω6 2.8±0.3a 2.1±0.3b 2.4±0.3ab 2.6±0.2a 1.7±0.3c 

PUFA/SFA 0.7±0.1a 0.9±0.8b 0.8±0.1b 0.7±0.0a 0.9±0.0b 

Σω3/ Σω6 0.1±0.0a 0.3±0.0c 0.1±0.0b 0.1±0.0a 0.4±0.1d 

*Values are expressed as mean ± SD (n=3-6). Means in a raw without a common letter differ, 

p<0.05. 

**SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty 

acids. UD: undetectable.  

(This table is modified from our published paper45). 
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Table 3-4 Fatty acid contents of duck liver fed various dose of dietary fats for 5 weeks.* 

 

Fatty 

acid** 

Content (mg/g fresh weight) 

Control Flaxseed oil Fish oil 

 0.5% 1% 2% 0.5% 1% 2% 

SFA 8.5±1.9 8.4±1.3 9.2±0.7 8.9±0.7 10.3±2.0 9.8±1.1 11.1±3.7 

MUFA 7.0±2.3 6.4±2.8 6.9±1.2 7.9±1.4 11.2±3.6 9.2±2.5 11.3±6.0 

PUFA 5.7±0.9 6.7±0.6b 7.8±0.7a 7.8±0.5a 7.4±1.5 8.0±0.4 9.6±3.3 

Total ω3 0.4±0.0 0.9±0.1c 1.5±0.2b 1.7±0.1a 1.2±0.2b 1.9±0.0ab 2.5±0.7a 

 18:3ω3 0.1±0.0b 0.2±0.1b 0.4±0.2a 0.7±0.2a 0.1±0.0 0.1±0.0 0.2±0.1 

 20:5ω3 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 0.2±0.1 

 22:6ω3 0.3±0.0 0.7±0.1b 1.1±0.1a 1.0±0.1a 1.1±0.2b 1.8±0.1ab 2.1±0.5a 

Total ω6 5.3±0.9 5.8±0.7 6.4±0.4 6.1±0.4 6.2±1.3 6.1±0.4 7.2±2.8 

 18:2ω6 2.5±0.7 2.6±1.1 3.4±0.5 3.9±0.6 3.7±1.2 3.7±0.6 5.4±2.7 

 20:2ω6 0.1±0.0 0.1±0.0  0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 

 20:4ω6 2.7±0.3 3.1±0.4a 2.8±0.2a 2.1±0.3b 2.4±0.2a 2.2±0.2a 1.7±0.3b 

PUFA/SFA 0.7±0.1 0.8±0.1 0.9±0.0 0.9±0.1 0.7±0.1b 0.8±0.1ab 0.9±0.1a 

Σω3/ Σω6 0.1±0.0 0.2±0.0b 0.2±0.0b 0.3±0.0a 0.2±0.0b 0.3±0.1a 0.4±0.1a 

* Values are expressed as mean ± SD (n=6). Means in a raw without a common letter differ,  

p < 0.05.  ** SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: 

Polyunsaturated fatty acids. Values are expressed as mean ± SD (n=6).  

(This table is modified from our published paper45). 
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Figure legends 

Figure 3-1 Representative Gas Chromatography of fatty acid profile in the liver of ducks fed 

with various dietary fats for 5 weeks. Shan Partridge Ducks were randomly assigned into 5 

dietary treatments: either the basal diet or 2% of flaxseed oil, rapeseed oil, beef tallow, or fish oil, 

respectively. At the end of the 5-week treatment, fatty acids in duck liver were analyzed by GC-

FID.  

Figure 3-2 Dose response of ω-3 fatty acids in the liver of ducks fed with various doses of 

flaxseed oil or fish oil for 5 weeks. Shan Partridge Ducks were randomly assigned into a dose 

response study by feeding either flaxseed oil or fish oil diets at 0.5%, 1%, and 2%, respectively. 

At the end of the 5-week treatment, fatty acids in duck liver were analyzed by GC-FID. About 59-

81% and 85-92% of total ω-3 fatty acids were converted to DHA in the duck liver fed various 

doses of flaxseed oil and fish oil, respectively. The dose of 1% flaxseed oil produced an equivalent 

level of DHA as 0.5% fish oil. Values are expressed as mean ± SD (n=6). Means in a group without 

a common letter differ, p < 0.05. 

Figure 3-3 Dose response of total ω-3/ω-6 ratio in the liver of ducks fed with various disease 

of flaxseed oil or fish oil for 5 weeks. Shan Partridge Ducks were randomly assigned into a dose 

response study by feeding either flaxseed oil or fish oil diets at 0.5%, 1%, and 2%, respectively. 

At the end of the 5-week treatment, fatty acids in duck liver were analyzed by GC-FID. The ratios 

of ω3/ω6 in duck liver gradually increased as the doses of flaxseed oil or fish oil increased. Fish 

oil group possessed a higher ω3/ω6 value than flaxseed oil group, but a comparable value was 

observed between 1% of flaxseed oil and 0.5% of fish oil treatment. Values are expressed as mean 

± SD (n=6). Means in a group without a common letter differ, p < 0.05. 
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Figure 3-1 Representative Gas Chromatography of fatty acid profile in the liver of ducks 

fed with various dietary fats for 5 weeks. 

 
Note: This figure is modified from our published paper45. 
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Figure 3-2 Dose response of ω-3 fatty acids in the liver of ducks fed with various doses of 

flaxseed oil or fish oil for 5 weeks.  

 

Note: This figure is modified from our published paper45. 
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Figure 3-3 Dose response of total ω-3/ω-6 ratio in the liver of ducks fed with various 

disease of flaxseed oil or fish oil for 5 weeks.  

 

Note: This figure is modified from our published paper45. 

 

 

 

 

 

 

 

 

 

 

  



 

 112 

Chapter 4 - Conclusions 

This dissertation focused on functional food related bioactive compounds with special 

interests in sorghum phenolic compounds and omega-3 polyunsaturated fatty acids.  

Study 1: Thirteen sorghum accessions were selected to test the effects of their phenolic 

extracts on cancer cell growth in vitro. In conclusion, this study shows that phenolic extracts in 

sorghum effectively inhibited HepG2 or Caco-2 cell growth in a dose- and time- dependent 

manner. The cell growth inhibition by the sorghum extracts were significantly associated with their 

phenolic contents. Furthermore, the inhibition appeared to be mediated by cytostatic, not 

cytotoxicity. Taken together, this study is the first time to investigate and compare the anti-cancer 

effect of sorghum phenolic compounds in both HepG2 and Caco-2 cell lines, our findings 

suggested that sorghum is a valuable food crop to provide sustainable phenolics and furthermore 

promote human health. 

Study 2: This study investigated the effects of various dietary fats on fatty acid profile and 

contents of ω-3 fatty acids in duck liver. Total ω-3 fatty acids and the ratio of total ω-3/ω-6 

significantly increased in both flaxseed oil- and fish oil-fed groups. About 60-81% of the short-

chain ω-3 ALA in flaxseed oil-fed group was efficiently converted to long-chain DHA in the duck 

liver, whereas 1% of dietary flaxseed oil could produce an equivalent level of DHA as 0.5% of 

dietary fish oil. It is significant that the short-chain ALA was efficiency converted to long-chain 

DHA in the duck liver, which may provide an alternative DHA-enriched duck products for human 

health benefits. 
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Chapter 5 - Future plan 

Study 1: This study was to investigate the effect of sorghum phenolic extracts on 

inhibiting of cancer cell growth and the underlying mechanisms regarding cytotoxicity, cell cycle 

interruption and apoptosis induction. First, this study was conducted in vitro which did not 

consider the possible metabolism of phenolics in vivo. Future study could be done in vivo to 

strengthen the conclusion that sorghum phenolic extracts could efficiently suppress cancer cell 

growth. Second, cell cycle analysis and apoptosis were tested using PI staining solution by flow 

cytometry, the results of which may influenced by factors such as loss of cells during the process 

of experiment. To further confirm the results, future work could focus on the level of cell cycle 

regulator proteins such as p34cdk2 and cyclin B1 which can be tested by western blot. In addition, 

apoptosis marker such as annexin V and PARP could be tested as well to confirm the result of 

apoptosis induction.  

Study 2: This study was to assess the modification of fatty acid profiles as well as 

investigate the conversion of short- to long-chain omega-3 polyunsaturated fatty acids in the 

liver of Shan Partridge duck after feeding various dietary fats. Future study could focus on the 

fatty acid profile in the liver of other poultry animals such as chicken and turkey since they are 

more popular than duck in the USA and some other countries in the western world.  


