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CHAPTER I 
 
 
 

INTRODUCTION  
 

  
     

      Twenty five percent of the world’s crops are affected with mycotoxins. Some of the 

foods on which aflatoxin producing fungi grow well include cereals (maize, sorghum, 

pearl millet, rice, wheat, corn ), oilseeds (peanut, soybean, sunflower, cotton), spices (chile 

peppers, black pepper, coriander, turmeric, ginger), and tree nuts (almond, pistachio, 

walnut, coconuts) . Many of the above mentioned ingredients are used in human food and 

in various live stock and poultry feed rations and so these species are often contaminated 

with aflatoxin. It was estimated that in the U.S., the total annual loss due to aflatoxin in 

corn is about $163 million. The annual market loss through corn rejected for food is about 

$31 million, while the loss through corn rejected for feed and through livestock losses is 

estimated at $132 million.  It has great impact not only on the livestock industry but also on 

human health. Although problems associated with aflatoxicosis have been known for 

decades and a lot of research has been conducted on the effects of aflatoxicosis at the 

animal level, very little research has been done at the molecular and gene level. Hence 

there has been little advancement in developing resistant strains or effective treatments for 

aflatoxicosis either by animal management or pharmacological methods. This is partly due 

to a lack of knowledge of markers at the gene and molecular level, and also due to 

unidentified pathways and mechanisms associated with aflatoxicosis.                                                         

           Microarrays are being used for global gene expression profiling to identify candidate 

genes and to map growth, metabolic, and regulatory pathways that control important 
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production traits. So, identifying markers at genomic level will help to introduce various 

potential drug therapies and also to understand the mechanisms of action of aflatoxin at 

gene level. The current project will allow us to determine genes that are specifically 

expressed in response to aflatoxicosis and thus enable us to functionally map the genetic 

pathways that control growth, development, detoxification, and antioxidant status of 

chickens. Traditional methods in molecular biology (such as northern blots) generally 

work on a “one gene in one experiment” basis, therefore understating the effects of 

aflatoxins on the chicken genome would be a slow and difficult process. Gene expression 

microarray data is a form of high-throughput genomics data providing relative 

measurements of mRNA levels for thousands of genes in a biological sample. Microarray 

technology helps in measuring the specific expression of thousands of genes 

simultaneously and thus helps to obtain snapshots of the state of a complete genome. This 

emerging technology has broad applications for poultry breeding programs (i.e., use of 

molecular markers) and for future production systems (i.e., the health and welfare of birds, 

and the quality of poultry products). Thus, genome-wide transcriptional profiling is a 

powerful tool used to visualize the cascade of genetic circuits that govern complex 

biological responses. These approaches will help us to identify specific markers for 

aflatoxicosis and to check if boosting these markers (antioxidants) would alleviate some of 

the symptoms associated with aflatoxicosis in a chicken model.   
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CHAPTER II 
 
 
 

LITERATURE REVIEW 
 

 

Aflatoxin:                    

      Mycotoxins are a diverse group of toxic secondary metabolites produced by certain 

genera of fungi including Aspergillus  Fusarium, and Penicillium. Although problems 

related to mycotoxins have been observed in human and animal populations for several 

years concerns in commercial poultry production began to focus on aflatoxin in 1960 when 

more than 100,000 turkey poults in Great Britain died from "Turkey X disease" (Wannop, 

1961). This was later shown to be the result of aflatoxin from toxic groundnut meal. Since 

that time, problems with mycotoxins have been increasingly observed in almost all types of 

animal feeds. Aspergillus flavus which produces aflatoxin is widespread in nature and is 

found most often when crops are exposed to a high humid environment over a long period 

of time or grown in stressful conditions such as drought. Favorable conditions for 

widespread fungal growth include high moisture content (at least 17%) and high 

temperature and humidity. Natural habitat for the fungus includes soil, decaying vegetation, 

hay, and grains undergoing microbiological deterioration.      
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     Although 18 types of aflatoxins have been identified only aflatoxin B1, B2, G1, and G2 

have been detected as natural contaminants of feeds feedstuffs. Fungal species that produce 

the four naturally occurring aflatoxins and the metabolite aflatoxin M1 are presented in the 

following table. 

 

Type Source 

Aflatoxin B1 & B2 Aspergillus flavus and A. parasiticus 

Aflatoxin G1 & G2  Aspergillus parasiticus 

Aflatoxin M1  A metabolite of Aflatoxin B1 found primarily in milk of 

humans and animals 

 

Table 1: Types and sources of aflatoxin 

 

            
 
      Figure 1: Aspergillus fumigatus under electron microscope 

http://en.wikipedia.org/wiki/Image:Aspergillus.gif
http://en.wikipedia.org/wiki/Image:Aspergillus.gif
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 Figure 2: Structure of Aflatoxin B1 and M1 (AF = Aflatoxin) 

                          

 

Figure 3: Structure of Aflatoxin G1                            

     Aflatoxin B1, B2, G1 and G2 are usually found together in foods in various proportions; 

of which B1 is the most toxic aflatoxin. Aflatoxin B1 and B2 fluorescence blue when 

viewed under UV light, whereas G1 and G2 fluorescence green. Aflatoxin M1 is the major 

metabolite of aflatoxin B1 in animals and humans and is excreted in milk or urine. 

Aflatoxin intercalates into DNA and alkylates the DNA bases through its epoxide moiety 

resulting in liver cancer. Effects of aflatoxins in animals depend on age, dose and length of 

exposure, species, breed and nutritional status of the animal  

Clinical signs of Aflatoxicosis: 

     Numerous studies have shown that feed intake is reduced in broiler chicks fed aflatoxin 
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(Osborn et al., 1992; Ledoux et al., 1998).  Reduced feed intake results in decreased 

average daily gain (Doerr et al., 1981; Ledoux et al., 1998). One important thing to be 

determined is the effects of aflatoxin on nutrient digestibility and bioavailability.  This can 

be done by measuring the activity and levels of various digestive enzymes and by 

evaluating serum chemistry of affected animals. Balachandran and Ramakrishnan (2004) 

studied the influence of dietary aflatoxin on serum enzyme levels in broiler chicken. They 

measured SGPT, SGOT, serum amylase and lipase levels in Cobb broiler chickens fed 3 

ppm aflatoxin. They observed an increase in serum lipase and SGOT levels, and a decreas 

in serum amylase levels all of which resulted in alteration in nutrient digestion, absorption 

and metabolism.  Osborne and Hamilton, (1981) observed decreased serum lipase, amylase, 

trypsin, lipase, RNase, and DNase activities in chickens fed aflatoxin. They did not 

measure serum calcium and phosphorus levels which play a role in rubbery leg syndrome, 

one of the symptoms associated with aflatoxicosis.   

     Aflatoxin is a potent liver toxin causing hepatocarcinogenesis, hepatocellular 

hyperplasia, hepatic necrosis, cirrhosis, biliary hyperplasia, and acute liver damage in 

affected animals. Other effects include mutagenic and teratogenic effects. Large doses of 

aflatoxin are lethal and chronic exposure to low levels of aflatoxin can result in cancer 

and immunosuppression (Sharma, 1993). Aflatoxins affect many species including 

humans, dogs, feeder pigs, dairy cattle, and chickens. Trout, one of the early models for 

aflatoxicosis is very sensitive to   aflatoxin and develop clinical signs such as hepatoma. 

Swine at weaning and marketing stages are resistant to dietary levels of aflatoxins up to 

300 ppb. Clinical signs associated with aflatoxicosis in dairy cattle include reduced feed 

intake, milk production, weight gain and liver damage. Aflatoxin M1, an aflatoxin 
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metabolite found in milk, was also found in milk products such as yogurt (Martins M.L et 

al., 2004). 

Reasons for toxicity: 

     To manifest toxicity, aflatoxin requires oxidation of its 8, 9 vinyl bond to yield the 

biologically active aflatoxin B1-8-9 epoxide (Joon-Kyoung Lee et al., 2005). Much 

progress has been made in elucidating the biochemical and molecular mechanisms that are 

involved in aflatoxin carcinogenesis. Mechanisms of aflatoxin carcinogenesis in humans 

and the role of cytochrome P450 (CYP450) isoforms are well explained by Eaton & 

Gallagher (1994). Evidence suggests that multiple CYP450 isoenzymes contribute to 

AFB1 epoxidation in rats (Klein et al., 2003). Aflatoxins were found to produce greater 

amounts of reactive oxygen species in cultured rat hepatocytes (Shen et al., 1995). 

Detoxification of aflatoxin B1-8-9 epoxide occurs through conjugation with glutathione 

(GSH), mediated by glutathione transferase (GST). However aflatoxin B1 (50 µg/Kg BW) 

increased the levels of caspase–3 (apoptotic marker) activity, tissue levels of lipid 

peroxides, nitric oxide, and reduced the levels of antioxidants such as GSH, glutathione 

peroxidase (GPx) and glutathione reductase (GR) in male rat liver, at the end of an eight 

week treatment period (Meki A. R et al.,2004). Therefore, an increase in the levels of 

intracellular free radicals and reduction in antioxidant levels could contribute to various 

deleterious clinical signs associated with aflatoxicosis. Hence balance between the rate of 

activation (epoxide production) and inactivation (GST conjugation) is a strong indicator of 

an animal’s susceptibility to aflatoxicosis. In humans, the constitutively expressed GSTs 

have very little activity toward aflatoxin B1-8-9 epoxide, which suggests that on a 

biochemical basis, humans should be quite sensitive to the toxic effects of aflatoxins 
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(Eaton and Gallagher, 1994). So, if we measure the hepatic gene expression of chickens fed 

aflatoxin, we should expect to observe an up-regulation of the phase I enzymes (CYP450 

isoforms) and down-regulation of antioxidant enzymes. However such studies have not 

been conducted in poultry to date.                                                   

     Eraslan et al., (2003) studied the effects of aflatoxins on oxidative stress in broiler 

chickens. They observed a reduction in the activity of super oxide dismutase (SOD), 

catalase (CAT), and GPx in erythrocytes of chickens fed aflatoxin compared to controls.  

They concluded that long-term administration (up to 45 days) of aflatoxin causes lipid 

peroxidation in broiler chickens. However, they measured the antioxidant enzyme levels in 

erythrocytes but not in liver, a major site for biotransformation enzymes. Also, the role of 

oxidative stress in poultry aflatoxicosis has not been extensively studied.                                            

Antioxidants: 

     Antioxidants are substances that can inhibit reactions of free radicals, such as reactive 

oxygen species (ROS) by neutralizing oxidants and thus reducing oxidative damage.  Thus 

antioxidants aid in the overall detoxification process in the liver and in cells and thus, may 

aid in alleviation of mycotoxicosis. Larsen et al. (1985) reported that the growth depression 

caused by aflatoxin B1 was significantly less in birds given the synthetic antioxidant 

butylated hydroxytoluene (BHT) than in those fed diets without the antioxidant. Gregory 

and Edds (1984) reported that selenium which is an antioxidant enhances the formation of 

water soluble conjugated forms of aflatoxin which promotes the clearance of the toxin and 

enhanced chick growth. Dalvi and McGowan (1984) reported that inclusion of reduced 

glutathione in drinking water of birds fed diets with 10 ppm aflatoxin B1 alleviated some of 

the adverse effects of aflatoxicosis. 
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Inhibitory effects of naturally occurring compounds on aflatoxin B1 
biotransformation: 

     Dietary constituents such as antioxidants may have significant inhibitory effects on 

metabolic transformation of aflatoxins to their hepatotoxic or carcinogenic derivatives by 

promoting their transformation into nontoxic metabolites (Lee et al., 2001). Also, because 

of their ability to act as superoxide anion scavengers, compounds with antioxidant 

properties have the potential to be efficacious in reducing oxidative stress (Galvano et al., 

2001). Anthraquinones, coumarins, and flavone-type flavonoids were shown to be potent 

inhibitors of aflatoxin B (1)-8, 9-epoxide formation. Addition of the flavonoids, galangin, 

rhamnetin, and flavone strongly inhibited conversion of aflatoxin B1 to aflatoxin B (1)-8, 

9-epoxide in mouse liver (Lee et al., 2001).  

     Curcumin, the diferuloylmethane present in turmeric and other curcuma species 

inhibited the formation of the aflatoxin B1 reductase product, aflatoxicol, by chicken liver 

cytosol.  Soni et al. (1992) studied the effects of certain food additives on aflatoxin 

production by Aspergillus parasiticus in vitro. They observed that aflatoxin production 

was inhibited (more than 90%) by extracts of turmeric, garlic and asafoetida at 

concentrations of 5–10 mg/ml. Similar results were observed using butylated 

hydroxytoluene, butylated hydroxyanisole and ellagic acid at concentrations of 0.1 mM. 

They did not find any effects of curcumin on aflatoxin production but turmeric and 

curcumin were found to reverse the aflatoxin induced liver damage produced by  aflatoxin 

B1 (AFB1) (5 μg/day per 14 days) to ducklings. Also, these food additives considerably 

reversed the fatty changes, necrosis and biliary hyperplasia caused by AFB1 (Soni et al., 

1992). 
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Protective effects of Turmeric (Curcuma longa) against Aflatoxin B1:  

     Curcumin has a wide spectrum of therapeutic effects including antitumor and 

anti-inflammatory effects, and has antibacterial, antiviral, antifungal, and antispasmodic 

activities because of one of its major metabolites, tetrahydrocurcumin (Osawa, 2007). It 

was earlier reported that curcumin has a nephroprotective effect by improving creatinine 

and urea clearance in male mice (Osawa, 2007).These beneficial effects have been 

explained by the protection against oxidative stress and the induction of antioxidant 

enzymes. Earlier studies reported that curcumin reduced the iron-induced hepatic damage, 

aflatoxin- and benzo[a]pyrene- induced mutagenicity and hepatocarcinogenecity, and also 

the formation of the DNA adduct by inhibiting cytochrome P450 in the liver. Aflatoxins 

are known to affect DNA leading to adduct formation and mutations (Eaton and Gallagher, 

1994). Curcumin inhibited the adduct formation between aflatoxin B1 and DNA due to its 

strong affinity towards cytochromes (Firozi et al., 1996). Curcumin-pretreated cytochrome 

P450 had reduced ability to catalyze aflatoxin B1-DNA adduct formation in the 

reconstituted microsomal monooxygenase system due to inhibition of the reductase 

activity by curcumin (Firozi et al., 1996). Curcumin, thus, may inhibit chemical 

carcinogenesis by modulating cytochrome P450 function. Aflatoxin (0.5-2.0 microg/mL) 

when added to a red blood cell (RBC) suspension in saline caused a significant increase in 

the rate of hemolysis in a dose-dependent manner. When saline suspensions of RBC were 

treated with aflatoxin and turmeric extracts/curcumin (1-100 microg/mL), retardation in 

aflatoxin-induced hemolysis was observed (Mathuria and Verma, 2007). This shows the 

possible ameliorative effect of turmeric extracts/curcumin on aflatoxin induced hemolysis 

in vitro. Protective effects of food additives such as turmeric (Curcuma longa), and its 
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active ingredient curcumin, asafoetida (flavouring agent), butylated hydroxyanisole 

(BHA), butylated hydroxytoluene (BHT) and ellagic acid were demonstrated by Soni et al. 

(1997). They found that these compounds inhibited the mutagenesis induced by aflatoxin 

B1 (AFB1) (0.5 μg/plate) in Salmonella tester strains TA 98 and TA 100. They observed 

that turmeric and curcumin inhibited mutation frequency by more than 80% at 

concentrations of 2 μg/plate. Dietary administration of turmeric (0.05%), garlic (0.25%), 

curcumin, and ellagic acid (0.005% each) significantly decreased the number of 

gammaglutamyl transpeptidase-positive foci induced by AFB1 in rats which is considered 

as one of the precursor of hepatocellular neoplasm. These results demonstrate the 

protective effects of antioxidant food additives in ameliorating aflatoxin-induced 

mutagenicity and carcinogenicity.  

 Effects of aflatoxins on immune system:      

     The ability of the immune system to combat infection and disease is another key 

component of animal health. Aflatoxin– B1 has been shown to cause significant 

morphological alterations along with reduced phagocytic potential in chicken 

(Neldon-ortiz and Qureshi, 1991a) and turkey (Neldon-ortiz and Qureshi, 1991b) 

macrophages. Aflatoxin- B1 exposure to chicken embryos causes significant suppression in 

macrophage phagocytic potential in chicks after hatch (Neldon-ortiz and Qureshi, 1991c). 

These observations imply that aflatoxins might be one of the causes for immunosupression 

often observed in poultry and this might be due to the suppression of macrophage-mediated 

immune defenses. Aflatoxin Bl (AFBl) inhibits protein synthesis and cell proliferation 

(Sharma, 1993). This inhibition may not be the primary mechanism involved in their 

immunotoxic effects; but may have selective effects on various subpopulations of 



 12

lymphocytes. Since immunoglobulins are proteins, a decrease in total proteins and 

globulins might result in reduced antibody production which ultimately results in 

decreased immunity.  Other researchers have reported reduced antibody formation against 

sheep RBC (Thaxton et al., 1974), increased mortality with Salmonella infection 

(Boonchuvit and Hamilton 1975), impaired phagocytic and bactericidal activity of 

heterophils (Chang and Hamilton 1979), decreased antibody formation (Giambrone et al., 

1978), and reduced phagocytic activity of reticulo-endothelial system cells (Michael et al., 

1973) in chickens fed aflatoxin. The immune responses mediated by T cells appear to be 

more sensitive to AF B1, although depending on the dose both helper T cells and 

suppressor T cells are affected, (Hatori et al., 1991).  These studies indicate that Aflatoxin 

causes immunosupression in chickens. 

     Gene expression studies in chicken:                                

     Cogburn et al. (2003) identified several interesting differentially expressed genes in 

commercial broilers and in divergently selected broiler lines (fat X lean lines; fast growing 

X slow growing lines). Many of these differentially expressed genes are involved in the 

lipogenic pathway and are controlled in part by the thyrotropic axis. Thus, genome-wide 

transcriptional profiling is a powerful tool used to visualize the cascade of genetic circuits 

that govern complex biological responses. Bourneuf et al., (2005) used miocroarray 

experiments to identify the difference in gene expression between livers of lean and fat 

chickens. They observed a strong correlation between the gene expression results and the 

amount of adipose tissue weights. Genes associated with lipolysis such as CYP450 2C45 

were up-regulated in lean chickens whereas genes associated with lipogenesis such as fatty 

acid synthase were up-regulated in fat chickens. These results indicate that mechanisms 
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involved in the expression and regulation of lipogenic genes play a role in fatness. To date, 

no reports, on the effects of aflatoxins on hepatic gene expression in broiler chickens using 

micro array technique, have been published. 

Microarrays: 

     Deoxyribonucleic acid (DNA) microarrays are usually used for global gene expression 

profiling. Recent developments in microarray technology have provided a revolutionary 

platform for the study of gene expression, regulation and function (Chaudhuri, 2005). It 

has tremendous potential in the exploration of disease processes such as cancer, in drug 

discovery and development, and also in investigations of population genetics. Notable 

examples of which include, identification of regulatory genes in the cell cycle mechanism, 

and disease causing genes in malignancies and certain neurodegenerative disorders 

(Chaudhuri, 2005). Thus, microarray-based studies provided necessary impetus for 

biomedical experiments, particularly following the human genome sequencing. DNA 

microarrays theoritically allow one to monitor the whole genome on a single chip, which 

makes the technology very appealing as a shortcut towards data analysis, despite the large 

financial and technical demands. The flexible nature of the microarray technique allows for 

wide use in all fields of biology ranging from plants to animals and humans, and its 

potential applications include, but are not limited to: “(i) gene expression comparison 

under different conditions such as in health, disease, after therapeutic interventions and 

following exposure to drugs and radiation etc. (ii) identifying unique genes related to 

different subcellular organelles and tissues, (iii) analyzing gene function in various 

metabolic pathways (iv) defining a gene within an organism and comparing it to a 

reference organism and (v) detecting differences in single nucleotides between genomic 
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samples obtained from similar organisms. (Chaudhuri, 2005).   

      Recent applications of DNA microarrays to toxicology: 

     The field of toxicogenomics has progressed rapidly since the application of DNA chips 

to toxicology was proposed in the late 1990s (Afshari et al., 1999). One of the early 

concerns about the use of DNA microarray in toxicology was how to properly compare 

experiments that used a wide variety of commercial and proprietary platforms, protocols, 

and analytical methods. In the USA, the National Institute of Environmental Health 

Sciences (NIEHS) has created the National Center for Toxicogenomics (NCT) to provide a 

reference system of genome-wide gene expression data, and to develop a knowledge base 

of chemical effects on biological systems (Tennant, 2002). The NCT has conducted some 

proof-of principle experiments to establish signature profiles of known toxicants and to 

link the pattern of altered gene expression to specific parameters of conventional indices of 

toxicity (Hamadeh et al., 2002). These studies show that it is possible to identify a 

signature of expressed gene patterns after exposure to a given toxicant (Tennant, 2002). 

Recently, DNA microarrays have been used to develop a much deeper insight into the 

mechanism of chemical toxicity at the molecular level such as the effects of arsenic, nickel, 

chromium and cadmium in human bronchial cells (Andrew et al., 2003). This and other 

toxicogenomics studies show that “(i) patterns of gene expression relating to biological 

pathways are robust enough to allow insight into mechanisms of toxicity, (ii) gene 

expression data can provide meaningful information on the physical location of the toxicity, 

(iii) dose-dependent changes can be observed, and (iv) concerns about oversensitivity of 

the technology may be unfounded” (Pennie et al., 2004).    
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CHAPTER III 
 
 
 

GENOMIC ANALYSIS OF THE IMPACT OF AFLATOXIN ON HEPATIC 
FUNCTION OF MALE BROILER CHICKS 

 
 
 

ABSTRACT 
 
 
 

     The objective of this study was to determine the effects of dietary aflatoxin (AF) on 

hepatic gene expression in male broiler chicks. Seventy five day-old male broiler chicks 

were assigned to three dietary treatments (five replicates of five chicks each) from hatch to 

day 21. The diets contained 0, 1 and 2 mg AF/kg of feed. Aflatoxin reduced (P < 0.05) feed 

intake (FI), body weight gain (BWG), serum total proteins, serum Ca and P, but increased 

(P < 0.01) liver weights in a dose dependent manner. Microarray analysis was used to 

identify shifts in genetic expression associated with the affected physiological processes in 

chicks fed 0 and 2 mg AF/kg of feed to identify potential targets for 

pharmacological/toxicological intervention. A loop design was used for microarray 

experiments with three technical and four biological replicates per treatment group. 

Ribonucleic acid (RNA) was extracted from liver tissue and its quality was determined 

using gel electrophoresis and spectrophotometry. High quality RNA was purified from 

DNA contamination, reverse transcribed, and hybridized to an oligonucleotide microarray 

chip. Microarray data were analyzed using a 2-step ANOVA model and validated by 

quantitative real-time PCR. Genes with false discovery rates less than 13% and fold change 

greater than 1.4% were considered as differentially expressed. Compared with controls (0 
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mg AF/kg), various genes associated with energy production and fatty acid metabolism 

(carnitine palmitoyl transferase), growth and development (insulin like growth factor), 

antioxidant protection (glutathione S transferase), detoxification (epoxide hydrolase), 

coagulation (coagulation factors IX and X),  and immune protection (interleukins) were 

down-regulated, whereas genes associated with cell proliferation (ornithine decarboxylase) 

were up-regulated in birds fed 2 mg AF/kg. This study demonstrates that AF exposure at a 

concentration of 2mg/kg results in physiological responses associated with altered gene 

expression in chick livers.                                      

 

INTRODUCTION 

 

     Mycotoxins are naturally occurring toxic secondary metabolites of fungi that may be 

present in  food ingredients (Kuiper-Goodman, 1995). Several mycotoxins have been 

associated with various animal and poultry diseases. Mycotoxins encompass a wide 

spectrum of different chemicals and they affect many target organs such as liver and 

kidney, and systems such as the nervous and immune systems (Kuiper-Goodman, 1995).  

A major contaminant of common feed ingredients used in poultry rations are aflatoxins 

(AF) (Smith et al., 1995). Aflatoxins are a class of mycotoxins produced by the fungi 

Aspergillus parasiticus and A. flavus (Smith et al., 1995). Aflatoxin B1 (AFB1) is the most 

biologically active form and causes poor performance, liver lesions, and 

immunosuppression in poultry (Kubena et al., 1990; Ledoux et al., 1998). Aflatoxin B1 also  

increases free radical production leading to oxidative damage and lipid peroxidation, 

http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=%22Kuiper-Goodman%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=%22Kuiper-Goodman%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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which might ultimately lead to cell damage and death (Surai, 2002). Eraslan et al. (2005) 

studied the effects of AF on oxidative stress and observed a reduction in antioxidant 

activity in the erythrocytes of chicks fed AF compared to controls. Although problems 

associated with AF have been known for decades and a great deal of research has been 

conducted on the effects of AF at the animal level, very little research has been done at the 

gene level. Microarrays are being used for global gene expression profiling to identify 

candidate genes and to map growth, metabolic, and regulatory pathways that control 

important production traits. To date, no study has been reported regarding the 

measurement of gene expression in chicks fed aflatoxin  using microarrays. The current 

project will allow us to determine genes that are specifically expressed in response to AF 

and thus enable us to identify various pathways that control growth, development, 

coagulation, immune, metabolism, detoxification, and antioxidant status of broiler 

chicken.   

 
 
 

MATERIALS AND METHODS 
 
 
 

Experimental design and birds: 

     Experimental design for this study is depicted in figure 4. Seventy five day–old (Cobb x 

Cobb) male broiler chicks were purchased from a commercial hatchery (Hoover’s hatchery, 

Inc., Box 200, Rudd, Iowa 50471), weighed, wing banded, and assigned to pens in stainless 

steel chick batteries for 21 days. Chicks were maintained on a 24–h continuous light 

schedule and allowed ad libitum access to feed and water. The animal care and use protocol 

was reviewed and approved by the University of Missouri–Columbia Animal Care and Use 
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Committee. The chicks were randomly assigned to three treatments with five replicates of 

five birds each. Mortality was recorded and birds were inspected daily for any health 

problems.  

      Diets: 

     The basal diet was a commercial type corn-soybean meal diet formulated to meet the 

nutritional requirement of growing chicks as recommended by the National Research 

Council (1994). Dietary treatments included: A) basal diet containing 0 mg AF/kg diet 

(control); B) basal diet with 1.0 mg AF/kg diet; C) basal diet with 2.0 mg AF/kg diet. 

Sample collection: 

     On day twenty-one, all birds were weighed and feed intake was measured for each pen. 

Average feed intake and body weight gain were determined. Fifteen chicks (five replicates 

of three chicks each) from each treatment were euthanized with carbon dioxide and blood 

was collected via cardiac puncture for serum chemistry. Liver weight of each bird was 

recorded and a piece of liver tissue was collected, snap-frozen in liquid nitrogen and stored 

at -80C freezer for microarray and real time-PCR analyses.  

Serum biochemistry: 

     Collected blood was centrifuged to obtain serum, which was immediately frozen until 

submitted for serum biochemistry analysis. Serum analyses included determinations of 

serum total protein (TP), calcium (Ca) and phosphorus (P) using standard procedures. 

These measurements are components of a larger biochemical profile determined at  the 

Veterinary Medical Diagnostic Laboratory using an auto-analyzer (Kodak Ektachem 

Analyzer, Eastman Kodak Co., Rochester, NY 14650). 
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Statistical analysis of physiological responses: 

     Data were analyzed using the General Linear Model procedures of SAS® (SAS Institute, 

1996). The means for treatments showing significant differences in the analysis of variance 

were compared using Fisher’s protected least significant difference procedure at a 

significance based on the 0.05 level of probability.   

Microarray slide preparation:  

     Microarray slides were prepared by printing 21,120 oligonucleotides (70 bases long) 

(Genomic Research Laboratory, AZ) on ultra GAPS II glass slides (Corning Incorporated, 

Corning, NY). Prior to hybridization, the microarray slides were re-hydrated to increase 

the spot size and to spread the deoxyribonucleic acid (DNA) more uniformly within each 

spot. Following re-hydration for 30 seconds at 55°C, the slides were snap-dried on a 100°C 

hot plate surface for 5 seconds.  The slides were UV cross-linked using a UV cross-linker 

(600mJoules). Microarray slides were incubated in 0.2% I-blockTM (Applied Biosystem, 

CA) at 42 ̊ C to decrease background and increase specificity. The slides were washed once 

with 0.2% SDS and twice with water (3 minutes each wash). The slides were dried by 

centrifugation and stored in the dark until used.  

      RNA extraction:  

     Ribonucleic acid (RNA) was extracted from the liver samples using an RNeasy Midi 

Kit (Qiagen Inc., Valencia, CA), purified using DNase-1 (Ambion Inc., Austin, TX) and 

phenol:chloroform:isoamyl alcohol (25:24:1), and concentrated using Microcon YM30 

filters (Millipore Corp., Bedford, MA) as described  previously (Settivari et al., 2006). The 

quality and integrity of the purified RNA was checked through agarose gel electrophoresis 

and the quantity was measured using an ND-1000 spectrophotometer (Nanodrop 
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Technologies, Wilmington, DE; Flanagan, 2005). The purified RNA samples were 

preserved at -80 ˚C until used.  

Microarray hybridization: 

     A loop design was used for microarray experiments, with 4 biological replicates (4 

animals/treatment group) and 3 technical replicates (each RNA sample repeated on three 

different arrays) (Figure 5). Concentrated and purified total RNA (15 µg) from each chick 

liver was reverse-transcribed to cDNA using oligo dT (5µl/ µl) (IDT DNA, Coralville, IA), 

random hexamers (5µl/ µl) (IDT DNA), 25X amino-allyl dUTP/dNTP  (Sigma Chemicals, 

St. Louis, MO), and reverse transcription (StrataScript RT, Stratagene, La Jolla, CA). The 

resulting cDNA was purified using Microcon-30 filters (Millipore) and conjugated with 

either Cy3 or Cy 5 mono reaction dyes (Amersham Biosciences) separately by incubating 

in the dark for one hour. Conjugated cDNA was separated from free, unconjugated dye 

using a Qia-quick PCR purification kit (Qiagen) following the manufacturer’s instructions. 

The two cDNA samples, labeled with Cy3 and Cy5 dyes, were mixed together and dried. 

Dried cDNA pellets were resuspended with the hybridization mixture, which consisted of 

1× 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.0), poly A (10 µg/µL; 

Stratagene), 20× standard saline citrate (SSC; Stratagene), and 10% sodium dodecyl 

sulfate (SDS). The slides were incubated in a water bath (60°C) for 12 to 16 h. After 

incubation, the slides were rinsed in wash solution I (20× SSC, and 10% SDS) for 15 

minutes and then in wash solution II (20× SSC) for 15 minutes. 

Microarray slide scanning and analysi:s 

     Microarray slides were scanned using a GenePix 4000B Microarray Scanner (Axon 

Instruments, Union City, CA) at 5 µm resolution, and the image was analyzed using 
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GenePix Pro 4.0.1.12 software (Axon Instruments Inc., Union City, CA). The resulting 

files and images were linked together and stored in the local BioArray Software 

Environment (BASE) database (Saal et al., 2002). Microarray raw data files were 

deposited with the National Center for Biotechnology Information Gene Expression 

Omnibus (http://www.ncbi.nlm.nih.gov/projects/geo/). The serial entry number for the 

microarray data is GSE8603, and the platform number is GPL5618.  Hybridizations in the 

microarray experiment were given the following serial numbers: GSM213349, 

GSM213358, GSM213359, GSM213360, GSM213392, GSM213395, GSM213399, 

GSM213402, and GSM213405.  

Self-self hybridization: 

     Five self-self hybridizations were performed to measure the variation in gene 

expression due to technical errors. In these hybridizations, the same chick liver was used 

for different RNA isolations, labeling, and hybridizations were carried out with the same 

RNA labeled with Cy3 and Cy5 on the arrays. Slides were hybridized, scanned, and 

analyzed as previously described. Because the same RNA sample is hybridized to the 

arrays, the theoretical mean ratio of Cy3 to Cy5 is equal to 1.  Deviation from this 

theoretical mean can only be attributed to technical noise. Means and standard deviations 

for Cy5 and Cy3 ratios were calculated for five hybridizations, and a threshold was set as 

mean ± 2 SD (± 1.4). Genes with expression above or below this threshold were considered 

as up or down-regulated, respectively, and were used for further analysis.  

Statistical analysis of microarray data:  

     Microarray data were first filtered to remove all the blank spots. The background 

corrected median intensities were normalized using pin-based LOWESS normalization 

http://www.ncbi.nlm.nih.gov/projects/geo/
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within BASE. The microarray spot intensities were first log2 transformed and genes with 

greater than 20% missing values were filtered using CLUSTER 3.0 software. Missing 

values for each gene was imputed using the k-nearest neighbor method (k = 20)  and 

significant analysis of microarrays (SAM) software. The normalized intensities were then 

inputted into the software package microarray analysis of variance (MAANOVA)  (Wu et 

al., 2003) to model the data and run statistical analyses. A two-stage ANOVA model 

(Wolfinger et al., 2001) was applied to the microarray data using MAANOVA and its Java 

graphic user interface JMAANOVA (Wu , 1995) software. The first stage was the 

normalization model to remove the effect of array and dye at the across gene level.  

 

The second stage was the gene-specific model in which the effects of treatment-gene 

interaction and array-gene interaction were modeled as random effects.  

 

For these models ygnlijk = log2(wgnlijk), w is the observed median intensity for each color 

channel by gene, µ is the model grand mean, A is the array, D is the dye, G is the gene, V is 

the animal, and  and r are the residuals from the linear models. A permutation Fs test (a 

modified F test designed specifically for microarray data) (Cui et al., 2003) was run to test 

the significance of sample effect for each probe (500 permutations).  Genes with an 

adjusted permutation Fs test (False Discovery Rate; FDR) values less than 13% were 

regarded as significantly differentially expressed across samples.  This differentially 

expressed gene list was then filtered to remove genes with a fold change of less than 1.4 

(value obtained from mean ± 2 SD of five self-self hybridizations). A second type of 
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microarray analysis was performed to measure the gene expression across each individual 

animal (gene by animal model). Values obtained from both ANOVA analyses were 

inputted into TIGR multi-experiment viewer software (TM4-Mev; Saeed et al., 2003) to 

run hierarchical clustering (Eisen et al., 1998) analysis.  The hierarchical tree was 

confirmed using bootstrap (Kerr and Churchill, 2002). The DAVID (Dennis et al., 2003) 

and Entrez-Gene (http://www.ncbi.nih.gov/entrez) data bases from the National Center for 

Biotechnology Information were used to find gene annotations of the differentially 

expressed genes.  

Quantitative real-time PCR (qRT-PCR):  

     Two-step qRT-PCR was used to confirm expression patterns of differentially expressed 

genes in the study. Expression profiles of four selected genes (ornithine decarboxylase 

(OD), insulin like growth factor (IGF), coagulation factor IX (F9), glutathione 

S-transferase alpha (GSTα) were measured with qRT-PCR. From each chick liver, 10 µg  

of total RNA was reverse transcribed using Stratascript RT (Stratagene, La Jolla, CA) with 

oligo dT (5µl/ µl) (IDT DNA, Coralville, IA) and random hexamers (5µl/ µl) (IDT DNA). 

Then, 6.25 ng of cDNA was added to a 25 µL PCR reaction to get a final concentration of 

0.25 ng/µL of cDNA in a SYBR green assay (Applied Biosystems, Foster City, CA). 

Forward and reverse primer final concentrations were 100 nM in the SYBR green assay. 

Primers were designed using Primer3 program with an annealing temperature of 60 ˚C and 

amplification size of less than 250 bp (Table 1). Glyceraldehyde phosphate dehydrogenase 

(GAPDH) was used as the endogenous control gene in the qRT-PCR experiments. 

Thermal cycling was carried out with an ABI Prism 7500 sequence detection system 

(Applied Biosystems, Foster city, CA) under factory default conditions ( 50 °C, 2 min; 95 

http://www.ncbi.nih.gov/entrez
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°C 10 min; and 40 cycles at 95 ºC, 15 sec; 60 ºC 1 min). Each gene was measured in 

triplicate and the formation of single PCR products was confirmed using dissociation 

curves. Negative controls, which consisted of all the components of the PCR mix except 

cDNA, were used for all primers. The relative quantification of gene expression changes 

were recorded after normalizing for GAPDH gene expression computed by using the 2-ΔΔCt 

method (user manual #2, ABI Prism 7700 SDS). In the 2-ΔΔCT analysis, the threshold cycle 

(Ct; cycle number at which the expression exceeds threshold level) from control birds was 

used as a calibrator sample. Statistical analyses of the data were performed by comparing 

birds fed aflatoxins Ct with control birds Ct for each gene using a two-tailed t-test with 

unequal group variance.   

 

 
 

RESULTS 
 
 
  

Performance of broiler chicks: 
 
     Data on average feed intake (FI), body weight gains (BWG), and relative liver weights 

are presented in Figures 6-8. Compared to controls, chicks fed 1 mg/kg and 2 mg/kg AFB1 

had significantly (P < 0.05) lower feed intake and weight gain in a dose dependent manner. 

Relative liver weight was increased (P < 0.05) in chicks fed the diet containing 1 mg/kg 

and 2 mg/kg AF compared to control chicks in a dose dependent manner.  

Serum biochemical parameters: 
 
     The effects of dietary treatments on serum chemistry are summarized in Figures 9-11. 

Feeding chicks 1 mg/kg and 2 mg/kg AFB1 resulted in significantly (P < 0.05) reduced 
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serum total protein, serum calcium, and serum phosphorus levels compared to controls. 

Genomic responses to aflatoxicosis:  

     Microarray analysis identified 177 genes (false discovery rate, FDR ≤ 13% and fold 

change ≥ 1.4) as differentially expressed between controls and chicks fed 2 mg AF/kg. Of 

which, 97 genes were up-regulated and 80 genes were down-regulated in chicks fed AF 

compared to controls. Hierarchical clustering was used to group the chicks based on their 

profile of gene expression.  The clustering program divided the chicks into two groups, 

with all the birds from each treatment group clustering together, which suggests low 

biological variation within each treatment group (Fig. 9). Bootstrap testing supported the 

hierarchical clustering results with 100% confidence. The differentially expressed genes 

between the treatment groups represented various important pathways such as 

detoxification, fatty acid metabolism, oxidative phosphorylation, energy production, cell 

proliferation, coagulation, metabolism, growth and development, immune response, and 

antioxidant activities (Table 2).  

Real-time PCR results: 

     Quantitative real-time PCR was used to confirm the validity of the microarray results. 

All four selected genes (OD, IGF, F9, GSTα) had a similar expression pattern as observed 

in microarray results, thereby validating the microarray results (Figure 13).   
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DISCUSSION 

 

 

 

Physiological responses to aflatoxicosis:  

     Decreased feed intake and body weight gain along with increased liver weights in  birds 

fed AF are consistent with earlier reports (Verma et al., 2004; Huff et al., 1988; Ortatatli 

and Oguz, 2001) on the effects of AF in young broiler chicks. Similarly, reduced levels of 

TP, Ca and P in birds fed AF are in agreement with earlier reports (Huff et al., 1988). A 

decrease in total protein levels would lead to decreased efficiency of the immune system 

since the key mechanisms of some immune responses are the production of factors that kill 

pathogens, such as antimicrobial peptides and proteins (Büchau  and Gallo, 2007). 

Decreased serum calcium and phosphorus levels could probably be one of the reasons for 

the leg and bone abnormalities associated with rubbery leg syndrome in  birds fed aflatoxin 

(Washburn et al., 1976).    

Genomic responses to aflatoxin:  

     Intake of the AF diet was hypothesized to result in changes in liver gene expression 

representing characteristic pathophysiology associated with aflatoxicosis. Microarray 

results demonstrated that the expression of genes coding for specific physiological 

pathways, including detoxification, fatty acid metabolism, oxidative phosphorylation, 

energy production, cell proliferation, immune response, metabolism, growth and 

development, coagulation and antioxidant activities were altered in chicks fed 2 mg AF/kg 

(Tables 2.1 to 2.9). The altered genomic responses observed in the present study could be 
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due to the direct effects of stress associated with AF. These genomic effects and their 

relationship to the observed physiological responses are expected to provide additional 

insight into the pathophysiology of aflatoxicosis. 

     Oxidative phosphorylation and energy production:  

     Genes associated with oxidative phosphorylation and ATP synthesis were 

down-regulated in livers of chicks fed 2 mg AF/kg (Table 2.1). Genes such as adrenodoxin 

mitochondrial precursor (adrenal ferredoxin), cytochrome P450 2C5, cytochrome P450 

2P3, and NADH-cytochrome b5 reductase, play a major role in electron transport. 

Down-regulation of these genes in chicks fed 2 mg AF/kg could result in impaired 

oxidative phosphorylation as well as electron leak, resulting in formation of superoxide 

radicals. The major purpose of electron transport is ATP synthesis and therefore we 

speculate that oxidative phosphorylation and ATP synthesis pathways are more affected in 

chicks fed 2 mg AF/kg leading to decreased energy production. Carnitine palmitoyl 

transferase 1a (CPT1A) transports long chain fatty acids into mitochondria for energy 

release especially when  hepatic glycogen is depleted during starvation (Shin et al., 2006). 

Long chain fatty acids cross the outer and inner membranes of mitochondria with the help 

of carnitine palmitoyl transferase and undergo β-oxidation. The resulting end product 

enters the Krebs’s cycle in the mitochondrial matrix. The by-products of the Krebs’s cycle, 

NADH and FADH2 enter the electron transport chain resulting in ATP synthesis. Since the 

carnitine palmitoyl transferase gene was down regulated in chicks fed AF, a decreased 

number of long chain fatty acids would be able to cross the mitochondrial membranes 

leading to a decrease in ATP production.  
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      Metabolism and growth:  

     To compensate for the reduced caloric intake and energy utilization, some of the genes 

associated with carbohydrate metabolism (glycogen synthase 1, lactate dehydrogenase H 

subunit, pyruvate dehydrogenase complex E1 component, malic enzyme 1 

NADP(+)-dependent cytosolic) and protein metabolism (muller glia protein tyrosine 

phosphatase 2,  LIM domain kinase 2, muller glia protein tyrosine  phosphatase 2, 

presenilin 1, hepatocyte growth factor-like/macrophage stimulating protein, hect domain 

and RLD 4) were up-regulated in birds fed 2 mg AF/kg likely resulting in an upregulation 

of gluconeogenic pathways (Table 2.2). The genes involved in fatty acid metabolism 

(lipoprotein lipase precursor, peroxisomal bifunctional enzyme) were down regulated in  

birds fed aflatoxin compared to controls. As a result, fatty acids were  not metabolized and 

they accumulated in the liver. This could be the reason for the fatty livers and increased 

liver weights observed in the present study. Furthermore, down regulation of carnitine 

palmitoyl transferase gene in birds fed 2 mg AF/kg could contribute to fatty liver condition 

because of impaired long chain fatty acid transport into mitochondria. Similar increases in 

the relative liver weights were observed in chicks fed AF by Ortatatli and Oguz (2001) and 

Huff et al. (1988). Previous reports suggest that AF at dietary concentrations of 1 mg/kg or 

more causes severe reduction in growth of broiler chicks (Verma et al., 2004). Insulin like 

growth factor, an important growth promoting gene was down regulated in birds fed 2 mg 

AF/kg. This could contribute to the observed reduction in growth rates of birds fed AF, and 

these results are  consistent with earlier reports on the growth depressing effect of AF in 

broiler chicks (Huff et al., 1988). 
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      Immune response:    

     Genes associated with immune function, such as mitogen-activated protein kinase 

kinase 2, interleukin 10 receptor beta, ovomucoid precursor were down-regulated, whereas 

tumor necrosis factor 10 was upregulated in chicks fed 2 mg AF/kg suggesting that AF is 

also immunotoxic (Table 2.3). Previous reports suggest that AF at dietary concentrations 

of 1 mg/kg or more causes a significant  reduction in the immune response (Verma et al., 

2004). Similar reductions in immune response were also reported earlier in chicks fed one 

mg AF/kg diet (Shivachandra et al., 2003). These results indicate an immunosuppressive 

effect of AF on both humoral and cell-mediated immune responses. Since AF exerts part of 

its immunosuppressive effects through cytokines (Han et al., 1999), down regulation of 

interleukins (IL 10 and IL 6) in the current study is consistent with earlier reports. 

Decreased immunity in chicks fed AF could make them susceptible to secondary bacterial 

and viral infections, which could cause detrimental effects and even lead to death. This 

hypothesis is supported by the increased mortality rates that were observed in chicks fed 

AF in the present study. 

      Biotransformation, detoxification and antioxidant activity:  

     Primary hepatic detoxification processes include, xenobiotic biotransformation (phase I 

metabolism) and the subsequent conjugation of the resulting metabolites (phase II 

metabolism), making them more water soluble and available for excretion from the body. 

Phase I metabolism mainly involves the cytochrome P450 (CYP) enzymes. Cytochrome 

P450 enzymes are associated with several biological interactions involving hydroxylation, 

epoxidation, dehydrogenation, nitrogen dealkylation, and oxidative deamination 

(Bhaskarannair et al., 2006). Although CYP-mediated reactions are essential for 
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xenobiotic detoxification, they can also generate reactive oxygen species (ROS). The 

microsomal CYP – dependent mono-oxygenase system in the liver plays an essential role 

in the metabolism of xenobiotics (Akahori et al. 2005). Various CYP isoforms exist in 

species ranging from archaebacteria to humans (Zuber et al., 2002). CYP1A1  is known to 

metabolize various drugs and xenobiotics (Klein et al., 2003), and is also known to activate 

certain pro-mutagens to their carcinogenic forms (Bhaskarannair et al., 2006; Haas et al., 

2006). Similarly, CYP 2H1 is known to be actively involved in xenobiotic metabolism 

(Hamilton et al., 1993). These CYP isoforms are involved in biotransformation of aflatoxin 

B1 to the highly toxic and carcinogenic metabolite aflatoxin-8, 9-epoxide in poultry (Klein 

et al., 2003).  Aflatoxin-8, 9- epoxide is detoxified by epoxide hydrolase (EH) (Tiemersma 

et al., 2001) and GST enzymes (Tiemersma et al., 2001; Klein et al., 2003). Since CYP 

genes were up regulated and EH and GST genes were down regulated in birds fed 2 mg 

AF/kg (Table 2.4),  there could be a greater chance for formation of aflatoxin-8, 9-epoxide 

and lesser chance for AFB1 detoxification. Furthermore, overexpression of these CYP450 

isoforms was shown to induce chronic oxidative stress by generating more ROS, possibly 

leading to hepatocellular injury and death (Bhaskarannair et al., 2006). It is evident from 

the results of the present study that transcriptional activation of CYP1A1 and CYP2H1 

isoforms, in response to AF has the potential to increase oxidative stress. Furthermore, 

antioxidant genes such as GST and glutathione peroxidase which could protect against 

oxidative stress were down regulated in birds fed 2 mg AF/kg and this could further 

hampers the bird’s ability to protect itself from oxidative damage. All of these factors could 

contribute to the toxicological and pathological effects of AF. 
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      Cell proliferation:  

     Cell proliferation is a representation of cell growth and its active cell division. Aflatoxin  

in the present study  upregulated many genes associated with cell proliferation (Table 2.5), 

including peroxisome proliferator-activated receptor alpha, nuclear receptor subfamily 1 d 

2, bHLH transcription factor, ornithine decarboxylase, histone deacetylase 2, transcription 

factor sox-9, v-jun sarcoma virus 17 oncogene homolog,  alpha-fetoprotein 

enhancer-binding protein, and forkhead box O1A. Upregulation of the above mentioned 

genes could contribute to increased cell proliferation rates in birds fed 2 mg AF/kg. This 

could be the reason for hepatocarcinomas observed in rats fed AF (Butler and Hempsall, 

1981; Kalengavi and Desmet, 1975). Even though broilers do not generally live long 

enough to develop cancers, AFB1 related diseases adversely affect their health, could cause 

slowing of growth, and decreased resistance to microbial pathogens. 

      Blood clotting:  

     Genes involved in blood coagulation (coagulation factor IX, coagulation factor X 

precursor  (Stuart factor)) were down regulated, and anticoagulant protein C precursor 

which is an inactivator of coagulation factors Va and VIIIa and antithrombin-III precursor 

were up regulated in birds fed 2 mg AF/kg (Table 2.6). Previous reports suggest that AF 

intoxication would lead to changes in coagulation profiles in lambs leading to an increased 

prothrombin time (Fernandez et al., 1995). The authors suggested that prothrombin times 

could be used as an indicator of aflatoxicosis in lambs.  Increased bleeding time was 

observed previously in chicks treated with single oral doses of aflatoxin B1 (50 

micrograms/kg, body wt) (Obasi et al., 1994), and in chicks fed 10.0 microgram/g aflatoxin 

(Doerr and Hamilton, 1981). Baker and Green (1987) stated that the coagulation defect in 
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aflatoxicosis is primarily due to diminished hepatic synthesis of coagulation factors. Clark 

et al (1986) observed a significant decrease in factor IX, VIII, and V activities in AF treated 

rabbits. They concluded that the coagulation factor deficiencies were the result of 

decreased factor synthesis due to hepatic insufficiency. Bababunmi and Bassir (1982) 

found relatively low concentrations of blood clotting factors II, VII, IX, and X in the 

plasma of birds fed AF. Alteration in the expression of the above-mentioned genes could 

be the reason for the impaired coagulation in birds fed AF ultimately leading to 

hemorrhaging in the birds (Sandhu et al., 1995).  

      Effects on nervous system:  

     Aflatoxins are known to affect various target organs (liver and kidney) and systems, 

including the nervous system (Kuiper-Goodman, 1995). Various genes involved in the 

functioning of the nervous system such as agrin (which helps in the aggregation of 

acetylcholine receptors and acetylcholine-esterase on the surface of muscle fibers of the 

neuromuscular junction) and genes involved in the development of the nervous system 

(neuropilin 1, dimethylarginine dimethylaminohydrolase 1, b-cadherin) were down 

regulated, whereas reticulon 4 (which is involved in inhibiting neurite growth) was up 

regulated in chicks fed AF (Table 2.7). Changes in the expression of these genes could be 

one of the reasons for the improper functioning of the nervous system, reported earlier, in 

animals fed AF. Cometa et al. (2005) reported that AFB1 inhibited acetylcholinesterase 

(AChE) activity in mouse brain.  Egbunike and Ikegwuonu (1984) studied the effects of AF 

on acetylcholinesterase activity in rat brains and found decreased AChE in the cerebellum 

and hippocampus in acute toxicity, and elevated AChE in the mesencephalon and 

amygdala in chronic toxicity. They concluded that AFB1 changes acetyl choline turnover 
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and hence cholinergic transmission in the brain and this could result in behavioral deficits 

and/or performance  depression via disturbances in the hypothalamo-hypophysial axis. The 

neurotoxicity of AFB1 in the rat was also studied by Ikegwuonu (1983). His findings 

indicate that repeated administration of AFB1 to rats results in degeneration of the central 

and peripheral nervous systems. 

      Developmental defects:  

     Aflatoxin B1 is a known developmental toxin in various species of mammals, birds, 

amphibians, and fish (Geissler and Faustman, 1988).  Genes such as neuropilin 1, 

dimethylarginine dimethylaminohydrolase 1, b-cadherin, and agrin which are involved in 

angiogenesis, organogenesis, embryogenesis, neurogenesis, and in the development of 

various systems such as the cardiovascular and nervous systems were down regulated in 

birds fed AF (Table 2.7). Down regulation of these genes could lead to developmental 

defects in the newborn. Wangikar et al. (2005) observed teratogenic effects in rabbits 

exposed to AF. Wangikar et al. (2004) studied the effects of prenatal exposure of rats to 

AFB1 on teratological anomalies induced in fetuses. They reported that AF caused variable 

changes in internal organs (liver, brain, kidney and heart) and spinal cord defects in fetuses. 

Cilievici et al. (1980) observed embryonic resorptions, malformations, and developmental 

retardations in pregnant rats intoxicated with AF. The down regulation of these genes 

could contribute to some of the developmental defects observed in animals fed aflatoxin. 

     Current finding suggest that AFB1  at  concentrations of 1 and 2 mg AF/kg has 

detrimental effects on FI, BWG and liver weightsand adverse effects on serum TP, Ca, and 

P.  Exposure of chicks to 2 mg AF/kg  results in physiological responses associated with 

altered gene expression in broiler chick livers. 
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CONCLUSIONS 
 
 
 

     Aflatoxin reduced FI, BWG, serum total proteins, serum Ca and P but increased liver 

weights. Microarray analysis was used to identify shifts in genetic expression associated 

with the affected physiological processes in chicks fed AF or control diets. At  false 

discovery rates less than 13% and fold change greater than 1.4%, various genes associated 

with energy production and fatty acid metabolism (carnitine palmitoyl transferase), growth 

and development (insulin like growth factor), antioxidant protection (glutathione S 

transferase), detoxification (epoxide hydrolase), immune protection (interleukins), 

coagulation (coagulation factors IX and X) were down-regulated, whereas genes 

associated with cell proliferation (ornithine decarboxylase) were up-regulated in birds fed 

AF compared to controls. This study demonstrates that AF exposure results in 

physiological responses associated with altered gene expression in chick livers. 
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Table 2. Primer sequences (5’       3’) used in real-time PCR 
 
Name Symbol Forward primer Reverse primer 

 
Coagulation 
factor 9 
 

F9 CTTTTCTTGGTGCCGAAAGT TCCCGGGAATTAACTCTTCC 

Insulin like 
growth factor 1 
 

IGF 1 TGCACTTTTAAGAAGCAATGGA GCAAACACAGGCCAAGGTAG

Ornithine 
decarboxylase 
 

OD CCTTGACGAGGGCTTTACTG CCGCATGTGCTTCTTTACAA 

Glyceraldehyde-3 
phosphate 
dehydrogenase 
 

GAPDH CCTCTCTGGCAAAGTCCAAG CAACATCAAATGGGCAGATG 

Glutathione S 
transferase-alpha 

GST α GCCTGACTTCAGTCCTTGGT CCACCGAATTGACTCCATCT 
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Table 3.1.  Differentially expressed genes associated with oxidative phosphorilation and energy synthesis in aflatoxin fed chicks compared to control 
birds at the end of 21 day treatment period 

 
Transcript ID Gene symbol Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

ENSGALT00000000598.1 6KCNA10 Shaker subfamily potassium channel 7HVoltage-gated ion channel activity  UP, 0.63 12.76 
ENSGALT00000027702.1 8HFDX1 Adrenodoxin mitochondrial precursor 

(Adrenal ferredoxin) 
9HElectron transport  Down, 0.49 12.66 

ChEST492f11 10HCYP2C45 
11HCytochrome p-450 2c45 12HElectron transport Down , 1.59 12.66 

ChEST371g7 CYP2P3 Cytochrome P450 2P3 13HElectron transport Down, 0.77 12.93 
ChEST1027e3 14HACVR1 Collagen alpha1 15HAnion transport, 16Hion transport Up, 0.69 12.57 
ENSGALT00000011328.1 17HUBE2I BMP/retinoic acid-inducible 

neural-specific protein 
18HATP binding, 19Hpyrophosphatase activity Up, 1.43 12.59 

ENSGALT00000024891.1 20HABCA1 ATP-binding cassette sub-family A ATP-binding cassette transporter Up, 0.93 12.64 
ENSGALT00000008501.1 21HCYB5R NADH-cytochrome b5 reductase 22HElectron transport Down , 1.13 12.53 
CK607798 CPT Carnitine palmitoyl transferase Transport long chain fatty acids into mitochondria  Down,0.57 12.56 
NM_008898 Por P450 (cytochrome) oxidoreductase Electron transport UP, 0.20 12.50 
ENSGALT00000020816.1 23HIGF1 Insulin-like growth factor I precursor 

(IGF-I) (Somatomedin) 
Growth-promoting activity Down, 1.63 12.55 

ENSGALT00000024891.1 24HABCA1 ATP-binding cassette sub-family A ATP-binding cassette transporter Up, 0.93 12.64 
ENSGALT00000013008.1 25HGRB2 

26HGrowth factor receptor-bound protein 2 Growth factor stimulation Down, 0.46 13.00 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://bioinfo.weizmann.ac.il/cards-bin/carddisp?GNAI1
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Table 3.2. Differentially expressed genes associated with metabolism in aflatoxin fed chicks compared to control birds at the end of 21 day treatment 
period 

 
Transcript ID Gene 

symbol 
Gene name Gene ontologyb Ratioc 

Aflatoxin/control 
(log values) 

FDR
% 

ENSGALT00000021664.1 27HGYS1 Glycogen synthase1 28HCarbohydrate metabolism,  Up, 2.33 12.53 
ENSGALT00000008794.1 29HNAT1 

30HN-acetyltransferase 1 (arylamine 
n-acetyltransferase) 31HCoenzyme metabolism, 32Hcofactor biosynthesis 

Up, 1.49 12.51 

ENSGALT00000005829.1 33HGLUL Glutamine synthetase(Glutamate--ammonia ligase) 34HAmine metabolism  Up, 1.26 13.03 
ChEST771a4 35HRPL5 GTP cyclohydrolase I feedback regulator 36HCarboxylic acid metabolism  UP, 0.76 12.57 
ENSGALT00000022490.1 MULLER 

37HMuller glia protein tyrosine phosphatase 2 38HCellular macromolecule metabolism UP, 1.4 12.87 
ChEST1010o8             

39HBbox1 Gamma-butyrobetaine,2-oxoglutarate diox 40HAmino acid derivative metabolism  UP, 1.09 12.51 
ChEST214h19 41HSlc45a2 

42HSolute carrier family 45, member 2 43HLipid metabolism, 44Hsteroid metabolism  UP, 0.85 12.71 
ENSGALT00000017326.1 SCP-2 Nonspecific lipid-transfer protein  45HNucleic acid metabolism  UP, 0.55 13.04 
ENSGALT00000007741.1 46HYBX1 

47Hy box binding protein 1 48HNucleic acid metabolism UP, 0.61 12.74 
ENSGALT00000011263.1 49HLIMK2 LIM domain kinase 2 50HProtein metabolism Up, 0.54 12.52 
ENSGALT00000022490.1 51HPTPRG MULLER glia protein tyrosine  phosphatase 2 Protein metabolism Up, 1.40 12.87 
ChEST748i8 LDH-B Lactate dehydrogenase H subunit 52HCarbohydrate metabolism  UP, 1.58 12.08 
ChEST532d8 53HPSEN1 Presenilin 1 54HProtein metabolism  Up, 0.69 12.72 
NM_001006164.1 55HPemt Phosphatidylethanolamine N-methyltransferase 

isoform 1 
56HCellular lipid metabolism, 57Hlipid biosynthesis  Up, 1.02 12.59 

ENSGALT00000024882.1 58Hlplp Lipoprotein lipase precursor 59HLipid metabolism  Down, 2.73 12.48 
ChEST496l3 60HPDK3 Pyruvate dehydrogenase complex, E1 component Glucose metabolism Up, 0.78 12.53 
ENSGALT00000025553.1 61HME1 Malic enzyme 1 NADP(+)-dependent cytosolic 62HCarboxylic acid metabolism  Up, 1.72 12.56 
ChEST859c9 PBE Peroxisomal bifunctional enzyme 63HCellular lipid metabolism  Down, 1.03 12.66 
ENSGALG0000002722.1 64HALG6 Hepatocyte growth factor-like 65HProtein metabolism  Up, 0.92 12.61 
NM_001012591.1 66HHERC4 hect domain and RLD 4 67HProtein metabolism Up, 0.81 12.79 
ENSGALG00000001139.1 68HPTK7 Fibroblast growth factor receptor CPE-FGFR 69HCellular macromolecule metabolism, 

70Hphosphorus metabolism 
Up, 0.71 12.61 

ENSGALT00000001542.1 71HRPL35 
72HRibosomal protein l35 73HProtein metabolism Down, 0.47 12.69 

ENSGALT00000001334.1 74HRCJMB04_
9m1 

75HLysyl-trna synthetase 76HAmino acid metabolism  Down, 0.62 12.55 

ChEST993m11 77HRPL5 
78HRibosomal protein l5 79HCellular protein metabolism,  Down, 0.49 12.61 

    



 38

38 

    
Transcript ID Gene 

symbol 
Gene name Gene ontologyb Ratioc 

Aflatoxin/control 
(log values) 

FDR
% 

    
ChEST568g13 80HRPL7A 

81HRibosomal protein l7a 82HCellular protein metabolism  Down, 0.69 12.74 
ENSGALT00000000960.1 83HLOC39546

5 
84Hcbp/p300-interacting transactivator 85HNucleobase, nucleoside, nucleotide and nucleic 

acid metabolism  
Down, 0.74 12.72 

ChEST337c15 86HLOC39549
2  

87HAldolase a 88HCarbohydrate catabolism  Down, 1.91 12.55 

ENSGALT00000013370.1 89HRPL30 
90HRibosomal protein l30 91HProtein metabolism Down, 0.44 12.57 

ENSGALT00000000422.1 92HPKNOX2 
93Hpbx/knotted 1 homeobox 2 94HNucleobase, nucleoside, nucleotide and nucleic 

acid metabolism  
Down, 0.55 13.04 

 
ENSGALT00000007741.1 95HYBX1 

96Hy box binding protein 1 97HNucleic acid metabolism Down, 0.61 12.74 
ENSGALT00000006295.1 98HALAS1 

99H5-aminolevulinate synthase 100HCoenzyme metabolism 101Hporphyrin metabolism Down, 0.87 13.01 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.2. (continued) 
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Table 3.3. Differentially expressed genes associated with immune system in aflatoxin fed chicks compared to control birds at the end of 21 day 
treatment period 

 
Transcript ID Gene 

symbol 
Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

ENSGALT00000005554.1 Gal d I Ovomucoid precursor 102HImmune response  Down , 1.28 12.71 
ChEST691m10 IL10 Interleukin 10 receptor, beta Immune system  Down, 1.28 12.53 
ENSGALT00000001934.1 MAPKK2 Mitogen-activated protein kinase kinase 2 Plays a critical role in the production of cytokines   Down, 0.80 12.65 
ggTRAIL 103HTNFSF10 

104H105HTumor necrosis factor (ligand) 
superfamily, member 10  

106HTumor necrosis factor receptor binding  Up, 0.81 12.72 

ChEST691m6 IL6 Interleukin 6 receptor Immune system  Down, 2.28 12.00 
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Table 3.4. Differentially expressed genes associated with biotransformation, detoxification and antioxidant activities in aflatoxin fed chicks 
compared to control birds at the end of 21 day treatment period 

 
Transcript ID Gene symbol Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

ChEST332h21 IMP-3 Metalloproteinase inhibitor 107HEndopeptidase inhibitor activity,  Down, 1.07 12.57 
   
   
ENSGALT00000027702.1 108HFDX1 Adrenodoxin mitochondrial precursor 

(Adrenal ferredoxin) 
109HElectron transport  Down, 0.49 12.66 

ChEST492f11 110HCYP2C45 
111HCytochrome p-450 2c45 112HElectron transport Down , 1.59 12.66 

ENSGALT00000020496.1 113HTGFB3, Heme oxygenase 
Antiinflammatory, antioxidant 

Up, 0.70 12.80 

 
ENSGALT00000008501.1 

114HCYB5R 

NADH-cytochrome b5 reductase 
 
115HElectron transport 

 
Down , 1.13 

 
12.53 

ChEST126e10 116HGST alpha, 
117HLOC395611 

118HGlutathione s-transferase class-alpha Antioxidant activity Down, 1.66 12.53 

ChEST807d3 
 

EH Epoxide hydrolase Detoxification  Down, 0.57 12.77 

ChEST175g3 P24369 CYPB Peptidyl-prolyl cis-trans isomerase Xenobiotic metabolism Up, 0.86 12.60 
      
X99454.1 CYP1A1 Cytochrome P450 1A1 Xenobiotic metabolism Up, 1.63 12.02 
M13454.1 CYP2H1 Cytochrome P450 2H1 Xenobiotic metabolism Up, 2.01 11.59 
NC0061002 GPx Glutathione peroxidase Xenobiotic metabolism Down, 1.59 10.63 
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Table 3.5. Differentially expressed genes associated with cell proliferation in aflatoxin fed chicks compared to control birds at the end of 21 day 
treatment period 

 
Transcript ID Gene 

symbol 
Gene name Gene ontologyb Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

ChEST752c24 119HNR1D2 
120HNuclear receptor subfamily 1, groUp d, member 2 121HNucleobase, nucleoside, nucleotide and nucleic 

acid metabolism  
Up, 2.12 12.66 

ENSGALT00000026260.1 122HDAX1, Adrenal hyoplasia protein  123HNucleobase, nucleoside, nucleotide and nucleic 
acid metabolism  

Up, 0.44 12.79 

ENSGALT00000006822.1 124HHDAC4 Histone deacetylase 4 Cell cycle progression  Up, 0.71 12.79 
ENSGALG00000017034.1 125HFOXO1A forkhead box O1A (rhabdomyosarcoma) 126HNucleic acid metabolism, 127Htranscription UP, 0.80 12.61 
ENSGALG00000001139.1 128HFGFRL1 Fibroblast growth factor receptor Cell proliferation UP, 0.71 12.67 
NM_205187.1 SOX11 Sox11 transcription factor 129HTranscription regulation Down, 1.19 12.68 
ENSGALT00000000605.1 130HBach2 

131Hbtb and cnc homology 2 Transcriptional regulator  Down, 1.02 12.61 
ENSGALT00000001011.1 132HATBF1 Alpha-fetoprotein enhancer-binding protein  Transcription factor Up, 0.62 12.67 
 133HJUN 

134Hv-jun sarcoma virus 17 oncogene homolog (avian) Transcription factor Up , 0.56   12.54 
ENSGALT00000006994.1 TF9 

135HTranscription factor sox-9 136HTranscription factor  UP, 1.74 12.51 
ChEST752i6 137HSOX5 

138Hsry (sex determining region y)-box 5 Transcription UP, 1.40 12.56 
   
ENSGALT00000013468.1 139HCDC2 bHLH transcription factor; mesoderm posterior 1 Nucleic  acid metabolism Up, 0.89 12.93 

 
ChEST800g22 

140HPPARA 
Peroxisome proliferator-activated receptor alpha Nucleic  acid metabolism Up, 0.53 12.89 

 
NM_001012559.1 141HCDC2 

142HCell division cycle 10, g1 to s and g2 to m Required for entry into S-phase and mitosis 
in cell proliferation 

Down, 0.86 12.59 

ENSGALT00000024179.1 143HHDAC2 
144HHistone deacetylase 2 Cell cycle progression and development. Up, 0.44 12.79 

ChEST372k22 145HDKK3 
146HDickkopf homolog 3 (xenopus laevis) Inhibits Wnt signaling pathway Down, 3.50 11.80 

Contig_114_reverse 147HFKBP1B 
148Hfk506 binding protein 1b, 12.6 kda 149HCellular protein metabolism Down, 1.20 12.67 

ENSGALT00000017388.1 P50594 
150HProtein mago nashi homolog mRNA splicing, nonsense mediated decay 

pathway 
Down, 0.55 12.52 

ChEST90f21 151HPAPOLA 
152HPoly(a) polymerase alpha Nucleic acid metabolism Down, 0.51 12.73 

    
ENSGALT00000026527.1 153HODC1 

154HOrnithine decarboxylase 1 Rate-limiting step in the pathway of 
polyamine biosynthesis 

Up, 1.09 12.53 
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Transcript ID Gene 

symbol 
Gene name Gene ontologyb Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

    
ENSGALT00000026837.1 155HFRZB 

156HFrizzled-related protein Regulate cell growth and differentiation Up, 0.98 12.51 
ENSGALT00000023380.1 157HLDB2 

158HLim domain binding 2 159HTranscription cofactor activity Down, 0.44 12.69 
ENSGALT00000021168.1 160HESR1 Estrogen receptor (ER) (Estradiol receptor) Cellular proliferation and differentiation in 

target tissues.  
Up, 0.70 12.82 

ENSGALT00000018678.1 161HNPM1 Ribonuclease  Pyrimidine-specific nuclease with 
preference for C  

Up, 1.38 12.57 

ChEST200a12 162HCpeb3 
163HCytoplasmic polyadenylation element binding 
protein 3 

Nucleotide-binding  Up, 0.82 12.59 

ENSGALT00000012486.1 164HNCL 
165HNucleolin rRNA transcription and ribosome assembly Down, 0.53 12.59 

ENSGALT00000003436.1 166HNPM1 
167HNucleophosmin Nucleolar ribonucleoprotein structures  Down, 0.54 12.56 

ENSGALT00000010377.1 168HUBE2I 
169HUbiquitin-conjugating enzyme e2i (ubc9 homolog, 
yeast) 

Covalent attachment of ubiquitin-like 
protein SUMO-1 to other proteins 

Down, 0.76 12.65 

ChEST200b24 170HTGFB3, 
171HTransforming growth factor, beta 3 172HCellular morphogenesis, 173Hregulation of cell 

cycle, 174Hregulation of cell size  
Down, 1.14 12.65 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.5. (continued) 
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Table 3.6. Differentially expressed genes associated with blood clotting in aflatoxin fed chicks compared to control birds at the end of 21 day 
treatment period 
 
Transcript ID Gene symbol Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

ENSGALT00000010110.1 175HHS2ST1 Heparan sulfate 2-O-sulfotransferase Blood coagulation Up, 0.70       12.75 
ENSGALT00000009795.1 176HHS6ST2 Heparan sulfate 6-O-sulfotransferase-2   Blood coagulation Up, 0.89 12.60 
ENSGALG00000001780.1-1 177HPROC Anticoagulant protein C precursor Inactivator of coagulation factors va and viiia Up, 0.94 12.77 
ENSGALT00000010525.1 178HF9 Coagulation factor IX Blood coagulation Down, 1.29 11.36 
ENSGALG00000016833.1 VAP Coagulation factor X precursor  (Stuart 

factor) 
Blood coagulation Down , 0.81 12.52 

ENSGALT00000010525.1 179HF9 Coagulation factor  Blood coagulation  Down, 1.29 11.36 
ENSGALG00000004591.1 ATIII Antithrombin-III precursor Generation of antithrombin-III Up , 0.57 12.87 
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Table 3.7. Differentially expressed genes associated with development and nervous system in aflatoxin fed chicks compared to control birds at the 
end of 21 day treatment period 

 
Transcript ID Gene 

symbol 
Gene name Gene ontologyb Ratioc 

Aflatoxin/control (log 
values) 

FDR
% 

ENSGALT00000011564.1 180HNRP1 
181HNeuropilin 1 Development of neuronal circuits  Down, 1.55 12.44 

ENSGALT00000014108.1 182HDDAH1 
183HDimethylarginine dimethylaminohydrolase 1 Expressed in the ventral horn and dorsal root ganglion Down, 1.19 12.61 

ChEST913f11 184HK-CAM 
185Hb-cadherin Neurogenesis, embryogenesis. Down, 2.02 12.52 

ENSGALG00000002041.1 186HAGRN 
187HAgrin Aggregate acetylcholine in  neuromuscular junction.  Down,0.86 12.53 

ENSGALT00000013195.1 188HRTN4 
189HReticulon 4 Neurite outgrowth inhibitor  Up , 0.76 12.56 

ENSGALT00000012863.1      190HLOC396478 
191HLaminin b1 Embryonic development Down, 1.43 12.53 

ChEST93n5 192HCTNNB1 
193HCatenin (cadherin-associated protein), beta 1, 
88kda 

194HRegulation of adhesive properties of cells during chick 
gastrulation 

Down, 1.37 12.46 
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Table 3.8. Differentially expressed genes associated with cell skeleton in aflatoxin fed chicks compared to control birds at the end of 21 day treatment 
period 

 
Transcript ID Gene 

symbol 
Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

ChEST471d22 195HDnm1 Dynamin-1 Microtubule-associated force-producing 
protein  

Up, 0.76                12.72 

ENSGALT00000008890.1 196HGJA1 Gap junction protein Form connexons between cells for low MW 
material diffusion 

Up, 0.99 12.77 

ChEST148d1 197HLOC396480 Otokeratin 198HCytoskeleton Down, 2.76           12.59 
ENSGALT00000014968.1 199HKRT19 

200HKeratin 19 201HCytoskeleton Up, 0.68                13.01 
ENSGALT00000019859.1 arp3 

202H Actin-related protein 3 homolog (yeast) Cell motility Down, 0.58 12.97 
ENSGALT00000019859.1 203HACTA2 

204H205HActin, alpha 2, smooth muscle, aorta  Cell motility Down, 0.58 12.97 
ENSGALT00000009107.1 206HLOC395261 

207HFilamin 208HActin binding Down, 1.26 12.61 
ENSGALT00000015293.1 209HRCJMB04_23c5 

210HActinin, alpha 2 F-actin cross-linking bundling protein Down, 0.71 12.63 
ENSGALT00000018395.1       
   
 
 
                                                  

211HDCN 
212HDecorin Affect the rate of fibrils formation Down, 0.48 12.55 
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Table 3.9. Differentially expressed genes associated with other functions in aflatoxin fed chicks compared to control birds at the end of 21 day 
treatment period 

 
Transcript ID Gene symbol Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

 
ENSGALT00000001957.1 213HPHOSPHO1 Putative phosphatase 

214HMagnesium ion binding  UP, 0.63 12.76 

ChEST332h21 IMP-3 Metalloproteinase inhibitor 215HEndopeptidase inhibitor activity,  Down, 1.07 12.57 
ENSGALG00000000573.1 216HPer3 

217HCircadian clock protein Circadian clock protein fragment UP, 0.73 12.67 
ChEST816d24 AY124776 

218HRegulator of g protein signaling 3 Hypothetical protein UP, 0.40 12.84 
ENSGALT00000022520.1 219HLOC421047 

220HMelanocortin 5-receptor 221HG-protein coupled receptor activity  UP, 1.66 12.53 
ENSGALT00000014309.1 222HTECTB Beta-tectorin precursor Transduce sound into electrical signals Up, 0.61 12.57 
ChEST849m11 223HITPKA 

224HInositol 1,4,5-trisphosphate 3-kinase a 225HInositol or phosphatidylinositol kinase activity  UP, 0.84 12.65 
ENSGALT00000008890.1 226HGJB1 Gap junction protein Cell communication UP,0.99               12.77 
ChEST163d12 227HBCHE Butyrylcholinesterase precursor 

228Hcholinesterase activity 
UP, 0.51 12.79 

ENSGALT00000026837.1 229HFZD3 Frizzled 3 Receptor for Wnt proteins UP, 0.98 12.51 
ChEST120e4 230HBBS2 

231HBardet-biedl syndrome 2 
232HSensory perception of light stimulus,  UP, 0.93 12.71 

ChEST429e22 UTY Ubiquitously transcribed Y chromosome  233HHypothetical protein Down, 0.57 12.72 
ENSGALG00000001795.1 234HGFRA2, GDNF family receptor alpha 2 precursor Receptor for neurturin,  UP, 1.32 12.61 
ChEST15i14 235HVPS13D 

236Hkiaa0453 protein Hypothetical protein  Up, 0.50 12.87 
ENSGALT00000014274.1 237HADRA2A Adrenergic receptor subtype alpha-2A Adrenergic receptor Up, 0.67 12.74 
ChEST1027e3 238HACVR1 Collagen alpha1 239HAnion transport, 240Hion transport Up, 0.69 12.57 
ENSGALT00000011328.1 241HUBE2I BMP/retinoic acid-inducible 

neural-specific protein 
242HATP binding, 243Hpyrophosphatase activity Up, 1.43 12.59 

 
 
ENSGALT00000026565.1 

 
 
244HVSNL1 

Visinin-like protein 1 (VILIP-1) (Neural 
visinin-like protein 1) 

 
Inhibition of rhodopsin phosphorylation  

Up, 1.11  
12.72 

     
ENSGALT00000003952.1 245HMBL2 Mannose binding lectin liver (A) Signal peptide, 246Hion transport Up, 1.36 12.57 
ENSGALT00000006806.1 247HLOC395676 Osteoblast regulatory factor 3A 248HHypothetical protein Up, 0.56 12.99 
ENSGALT00000013581.1 249HGOLT1B Trans Golgi network protease furin Hypothetical protein Up, 0.83 12.57 
ENSGALT00000016371.1 250HMAB21L2 Mab-21-like 2 Hypothetical protein Up, 1.55 12.52 
ENSGALT00000011248.1 DLX3 DLX3 homeodomain containing protein; 

Distal-less 
Hypothetical protein Down, 0.95 12.55 
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Transcript ID Gene symbol Gene name Gene ontologyb        Ratioc 

Aflatoxin/control 
(log values) 

FDR% 

     
ENSGALT00000008685.1 251HBCMO2 Betabeta-carotene 1515'-dioxygenase Cleaves beta-carotene into two molecules of retinal. Up, 1.48 12.47 
ENSGALT00000009894.1 252HFTCD Formiminotransferase cyclodeaminase Hypothetical protein Up, 0.98 12.51 
ENSGALT00000002123.1 253HLOC395877 Heparin cofactor II 254HEndopeptidase inhibitor activity Up, 1.70 12.44 
NM_001006320.1 255HLOC395877 Trafficking protein particle complex 

subunit 4 (Synbindin) 
Vesicular transport from endoplasmic reticulum to 
Golgi 

Up, 0.50 12.72 

ChEST420j15 Q12764 Hypothetical protein KIAA0191 Hypothetical protein Up, 0.51  12.61 
 
ENSGALG00000012363.1 

 
EGF Epidermal growth factor receptor 

precursor 

Mediates the biological signal of EGF, and also of 
TGF-alpha 

 
 Up, 0.80 

         
12.65 

ChEST189b7 256HSETBP1 SET-binding protein Hypothetical protein  Up,  0.91  12.56 
  

257H1P32,  Hypothetical protein Down, 0.59 0.062 
ChEST442d1 258HGNAI1 

259H260HGuanine nucleotide binding protein (g 
protein), alpha inhibiting activity 
polypeptide 1  

Hormonal regulation of adenylate cyclase Down, 0.83 12.82 

ChEST164e22 261HITGA6 
262HIntegrin, alpha 6 Plays a critical structural role in the 

hemidesmosome 
Down, 0.74 12.59 

NM_001012592.1 263HHNRPAB 
264HHeterogeneous nuclear ribonucleoprotein 
a/b 

Hypothetical protein Down, 0.51 12.84 

ENSGALT00000016263.1 265HEDNRA 
266HEndothelin receptor type a 267HEndothelin receptor activity,  Down, 1.03 12.65 

ENSGALT00000017775 268HRnh1 
269HOsteopontin Inhibitor or pancreatic RNase and angiogenin                          

Down,  3.14 
          
12.47 

 270HAMH 
271HAnti-mullerian hormone Sex determination   

ENSGALT00000024512.1 272HLOC395074 
273HEquarin-l Hypothetical protein Down, 2.02 12.51 

ENSGALT00000022576.1 274HPDGFRA 
275HPlatelet-derived growth factor receptor, 
alpha polypeptide 

276HATP binding, 277Hprotein kinase activity 
 

Down, 1.81 12.51 

ENSGALG00000005597.1 278HLOC396522 
279HCalponin alpha Inhibits the actomyosin Mg-ATPase activity Down, 0.93 12.56 

ENSGALT00000015303.1 280HCAV1 
 

281HCaveolin 1, caveolae protein, 22kda Scaffolding protein within caveolar membranes Down, 0.63 12.81 

ENSGALT00000015300.1 282HPTK7 
283Hptk7 protein tyrosine kinase 7 Cell adhesion molecule Up, 1.21 12.51 

ENSGALT00000020497.1 284HACVR1 
285HActivin a receptor, type i Stimulate epithelial-mesenchymal transformation Down, 1.00 12.51 

ENSGALT00000028028.1 286HHBD 
287HHemoglobin, beta Oxygen transport from the lung to the various 

peripheral tissues 
Down, 1.63 12.75 

Table 3.9. (continued) 
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Figure 4. Experimental design used for the study. 
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Figure 5. Loop design used for micro array experiments. A1, A2, A3, A4 are chicks fed 2 
mg AF/kg feed . C1, C2, C3, C4 are control chicks fed no AF.  
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 *P <0.05 
 Figure 6. Effect of aflatoxin on feed intake 
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 *P <0.05 

Figure 7. Effect of aflatoxin on body weight gain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
52

 
 

 
Figure 8. Effect of aflatoxin on relative liver weights (*P <0.01) 
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 *P <0.05 

Figure 9. Effect of aflatoxin on serum total protein 
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Figure 10. Effect of aflatoxin on serum calcium (*P <0.05) 
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Figure 11. Effect of aflatoxin on serum phosphorus (*P <0.05) 
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Figure 12. Heat map representing differentially expressed genes 
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Figure 13. Validation of micro array results with RT-PCR 
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CHAPTER IV 
 
 
 

EFFECTS OF AFLATOXIN AND CURCUMIN ON THE EXPRESSION OF 
ANTIOXIDANT, IMMUNE, AND BIOTRANSFORMATION GENES IN THE 

LIVER OF BROILER CHICKS 
 
 
 

ABSTRACT 

      

 The objective of the present study was to evaluate the efficacy of curcumin, an antioxidant 

supplied by turmeric (Curcuma longa) powder (TMP), to ameliorate changes in gene 

expression in liver of broiler chicks fed aflatoxin (AF). Four pen replicates of five chicks 

each were assigned to each of four dietary treatments, which included: A) basal diet 

containing no AFB1 or curcumin (control); B) basal diet supplemented with TMP (0.5%) 

that supplied 74 mg/kg curcumin; C) basal diet supplemented with 1.0 mg AFB1/kg diet; D) 

basal diet supplemented with TMP that supplied 74 mg/kg curcumin and 1.0 mg AFB1/kg 

diet.  Aflatoxin reduced (P < 0.05) feed intake and body weight gain, and increased (P < 

0.05) relative liver weight. Addition of curcumin to the AFB1 diet ameliorated (P < 0.05) 

the negative effects of AF on growth performance and liver weight.  At the end of the three 

week treatment period, livers were collected  to evaluate changes in the expression of genes 

involved in antioxidant function [catalase (CAT), super oxide dismutase (SOD), 

glutathione peroxidase (GPx), glutathione S-transferase (GST)], biotransformation 

[epoxide hydrolase (EH) cytochrome P450’s (CYP 1A1, CYP 2H1)], and the immune 

system [interleukins (IL-6 and IL-2)]. Changes in gene expression were determined using 
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the quantitative real time PCR technique. There was no statistical difference in gene 

expression among the four treatment groups for CAT and IL-2 genes. Decreased 

expression of SOD, GPx, GST, EH genes due to AF was alleviated by curcumin. Increased 

expression of IL-6, CYP1A1 and CYP2H1 genes due to AF diet was also alleviated by 

curcumin. The current study demonstrates a protective effect of curcumin on changes in 

gene expression in livers of chicks fed AF. 

 

 

INTRODUCTION 

 

 

     Aflatoxins (AF) are contaminants of feed used in poultry rations and are produced by 

the fungi Aspergillus parasiticus and A. flavus (Smith et al., 1995). The most biologically 

active form of AF is Aflatoxin B1 (AFB1) and it is responsible for decreased performance, 

liver lesions, and immunosuppression in poultry (Kubena et al., 1993; Ledoux et al., 1998). 

Aflatoxin B1 causes cell damage, free radical production, and lipid peroxidation (Surai, 

2002).  Protection against oxidative damage is effected by a group of substances called 

antioxidants that inhibit reactions of free radicals, such as reactive oxygen species (ROS) 

thereby neutralizing oxidants. Since lipid peroxidation plays a major role in aflatoxin 

toxicity, a protective effect of antioxidants is possible (Galvano et al., 2001). Plant 

compounds such as coumarins, flavonoids and curcuminoids have inhibitory action on 

biotransformation of aflatoxins to their epoxide active metabolites which are more toxic 
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than the parent compound (Lee et al., 2001). Reports have shown that the curcuminoid 

yellowish pigments present in the powder of dried roots and rhizomes of turmeric 

(Curcuma longa) have protective effects against AFB1 (Soni et al., 1997). The most recent 

dietary approach to prevent aflatoxicosis in poultry is the use of antioxidants (Surai, 2002).  

     In a previous experiment, we observed that aflatoxin altered hepatic gene expression in 

broiler chicks.  Therefore, the first objective of the present study was to evaluate the 

efficacy of curcumin supplied by turmeric powder (TMP) to ameliorate aflatoxicosis in 

broiler chicks. A second objective was to evaluate  changes in the expression of genes 

involved in antioxidant function [catalase (CAT), super oxide dismutase (SOD), 

glutathione peroxidase (GPx), glutathione S-transferase (GST)], biotransformation 

[epoxide hydrolase (EH) cytochrome P450’s (CYP 1A1, CYP 2H1)], and the immune 

system [interleukins (IL-6 and IL-2)] due to aflatoxin and curcumin. Quantitative real time 

PCR was used to evaluate l effects of curcumin supplied by TMP aflatoxin on gene 

expression changes in the liver of broiler chicks fed aflatoxin. 

 

 

 

MATERIALS AND METHODS 
 
 
 

Experimental design and birds: 
 
     Eighty  (Cobb x Cobb) male broiler chicks were purchased from a commercial hatchery 

(Hoover’s hatchery, Inc., Box 200, Rudd, Iowa 50471), weighed, wing banded, and 

assigned to pens in stainless steel chick batteries. Chicks were maintained on a 24–h 
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continuous light schedule and allowed ad libitum access to feed and water. The animal care 

and use protocol was reviewed and approved by the University of Missouri–Columbia 

Animal Care and Use Committee. A completely randomized design was used with four pen 

replicates of five chicks assigned to each of four dietary treatments. Mortality was recorded 

as it occurred and birds were inspected daily for any health related problems.  

Diets: 
 
     The basal diet was a commercial corn-soybean meal diet formulated to meet or exceed 

the nutritional requirement of growing chicks as recommended by the National Research 

Council (1994). Dietary treatments evaluated included: A) basal diet containing neither 

turmeric powder (TMP) nor AFB1 (control); B) basal diet supplemented with 0.5% food 

grade TMP that  supplied 74 mg/kg total curcuminoids; C) basal diet  containing  1.0 ppm 

AFB1 supplied by ground aflatoxin culture material that contained 760 ppm  AFB1; D) 

basal diet containing 1 ppm AFB1 and supplemented with 0.5% TMP that supplied 74 

mg/kg total curcuminoids ..  

     Dietary AFB1 concentrations were confirmed by analysis and all diets were screened by 

the method of Rottinghaus et al. (1982, 1992) for the presence of AF, citrinin, T-2 toxin, 

vomitoxin, zearalenone, fumonisins and ochratoxin A, prior to the start of the experiment.  

Sample collection: 
 
     On day 21, all birds were weighed and feed consumption recorded for each pen. Liver 

weight of each bird was recorded, and liver tissue was collected, immediately frozen in 

liquid nitrogen, and stored in a -80 C freezer until processed for determination of gene 

expression.  
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Total curcuminoid estimation: 
 
     Turmeric powder was analyzed for total curcuminoid content, including curcumin, 

bisdemethoxycurcumin and demethoxy curcumin.  Procedures used in the current study 

were adapted from Jayaprakasha et al. (2002).  Briefly, 10 g turmeric powder was extracted 

with 50 mL hexane.  After extraction, the hexane was discarded and the turmeric powder 

was dried and finely ground.  One gram of hexane extracted powder was then re-extracted 

with 20 mL methanol for 2 hours.  An aliquot of the extract was transferred to a 

microcentrifuge tube and centrifuged at 13,000 rpm for 5 min.  One milliliter of the 

supernatant was removed and diluted with 4 mL methanol. Total curcuminoid content 

(curcumin, bisdemethoxycurcumin and demethoxy curcumin) was determined by HPLC. 

     The HPLC system consisted of a Hitachi Model L-7100 liquid chromatography pump 

equipped with a Hitachi Model L-7400 UV detector, Hitachi Model L–7200 autosampler, 

250 x 4.6 mm HyperSil reverse phase C18 column (5 µm particle size) (Phenomenex), 

Hitachi D- 7000 data acquisition interface and Concert Chrom software at a detection 

wavelength of 425 nm. The mobile phase was a 5:55:50 mixture of methanol: acetonitrile: 

2% acetic acid with a flow rate of 1 mL/min. Since bisdemethoxycurcumin and demethoxy 

curcumin standards are not readily available commercially, they were estimated by 

comparing their peak areas to that of the standard curcumin peak area. Total curcuminoid 

content of TMP was determined by totaling the concentrations of the three curcuminoids. 

Statistical analysis: 
 

     Data were analyzed by the General Linear Model procedures of SAS® (SAS Institute, 

1996). The means for treatments showing significant differences in the analysis of variance 

were compared using Fisher’s protected least significant difference procedure at a 
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significance based on the 0.05 level of probability.   

Quantitative real‐time PCR (qRT‐PCR): 

     Two‐step qRT‐PCR was used to measure expression patterns  of genes 

involved in antioxidant function [catalase (CAT), super oxide dismutase (SOD), 

glutathione peroxidase (GPx), glutathione S‐transferase (GST)], 

biotransformation [epoxide hydrolase (EH) cytochrome P450’s (CYP 1A1, CYP 

2H1)], and the immune system [interleukins (IL‐6 and IL‐2)]. From each chicken 

liver, 10 μg  of total RNA was reverse transcribed using Stratascript RT 

(Stratagene, La Jolla, CA) with oligo dT and random hexamer primers. Then, 6.25 

ng of cDNA was added to a 25 μL PCR reaction to get a final concentration of 0.25 

ng/μL of cDNA in a SYBR green assay (Applied Biosystems). Forward and reverse 

primer final concentrations were 100 nM in the SYBR green assay. Primers were 

designed using Primer3 program with an annealing temperature of 60 ˚C and 

amplification size of less than 250 bp. Glyceraldehyde phosphate dehydrogenase 

(GAPDH) was used as the endogenous control gene in the qRT‐PCR experiments. 

Thermal cycling was carried out with an ABI Prism 7500 sequence detection 

system (Applied Biosystems Warrington, UK) under factory default conditions 

( 50 °C, 2 min; 95 °C 10 min; and 40 cycles at 95 ºC, 15 sec; 60 ºC 1 min). Each gene 

was measured in triplicate and the formation of single PCR products was 
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confirmed using dissociation curves. Negative controls, which consisted of all the 

components of the PCR mix except cDNA, were used for all the primers. The 

relative quantification of gene expression changes were recorded after 

normalizing for GAPDH gene expression computed by using the 2‐ΔΔCT method 

(user manual #2, ABI Prism 7700 SDS). In the 2‐ΔΔCT analysis, the threshold cycle 

(CT) from control birds was used as a calibrator sample. Statistical analyses of the 

data were performed by comparing aflatoxin birds CT with control bird CT for 

each gene using a two‐tailed t‐test with unequal group variance. 

 
 
 

RESULTS AND DISCUSSION 
 
 
 

Performance of broiler chicks: 
 
     Data on average feed intake, weight gain, feed efficiency and relative liver weight are 

presented in Table 1. Chicks fed TMP alone had similar feed intake, body weight gain, and 

feed conversion as control chicks. Compared with controls, chicks fed 1 ppm AFB1 had 

significantly (P<0.05) lower feed intake and weight gain. Addition of 0.5% TMP, 

containing 74 mg/kg total curcuminoids, to the AFB1 diet numerically increased feed 

intake and significantly (P<0.05) improved body weight gain of chicks, suggesting a 

protective action of the curcuminoids present in TMP.  

     Compared with control chicks, relative liver weight was increased (P<0.05) in chicks 

fed the diet containing AFB1 alone. Although the  reduction in liver weights  of chicks fed  
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the combination  TMP and AFB1 diet was not statistically significant (P>0.05) when 

compared to liver weight of chicks fed AFB1 alone, it was comparable to that of control 

chicks, indicating partial hepatoprotection due to TMP feeding. Reduced feed intake, body 

weight gain and increased liver weights observed in chicks fed AFB1 alone are consistent 

with previous reports of the performance depressing effects of AFB1 (Kubena et al., 1990; 

Ledoux et al., 1998). The addition of TMP containing 74 mg/kg curcuminoids to the AFB1 

diet improved the performance of chicks in the current study.  Feeding tumeric powder 

(that supplied 5 micrograms curcumin per day) for 14 days to AF intoxicated dicklings 

reversed fatty changes, necrosis, and biliary hyperplasia (Soni et al., 1992). The major 

antioxidant principle of turmeric, curcumin, is known to inhibit the biotransformation of 

AFB1 to aflatoxicol in liver (Lee et al., 2001), and is also responsible for its antimutagenic 

and anticarcinogenic actions (Chun et al., 1999). Recently, Emadi and Kermanshahi (2007) 

fed broiler chicks  turmeric powder (0.25, 0.5, 0.75%) from 0 to 49 days and stated that 

turmeric might have some positive effects on liver enzymes that directly or indirectly 

reflects a healthier liver status in the birds.  

Quantitative real time PCR results:  

     The expression profiles of genes involved in antioxidant function [catalase (CAT), 

super oxide dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase 

(GST)], biotransformation [epoxide hydrolase (EH) cytochrome P450’s (CYP 1A1, CYP 

2H1)], and the immune system [interleukins (IL-6 and IL-2)] was measured  using the 

quantitative real time PCR technique. There was no statistical difference in gene 

expression among the four treatment groups for CAT and IL-2 genes. Decreased 

expression of SOD, GPx, GST, EH genes due to AF was alleviated by the inclusion of 
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curcumin in the diet. Increased expression of IL-6, CYP1A1 and CYP2H1 genes due to AF 

diet was alleviated by curcumin. The data suggest that TMP supplementation stimulated 

the antioxidant system in liver for counteracting the oxidative damage caused by AFB1. 

The current study demonstrated the protective effects of curcumin on hepatic gene 

expression in chicks fed AF.  

     Aflatoxin B1 is known to cause lipid peroxidation in liver (Shen et al., 1994), induces 

oxidative damage in the cell, and is also a potent carcinogen that forms DNA adducts 

(Imlay and Linn, 1988). Feeding AFB1 to rats increased liver peroxide levels and was 

associated with a decrease in activities of superoxide dismutase, catalase, and glutathione 

peroxidase. Supplementation of root extracts of Picrorhiza kurroa and seeds of Silybum 

marianum ameliorated the effects of AFB1, reduced   peroxide levels, and returned 

antioxidant enzymes to control levels (Rastogi et al., 2001). Rosamarinic acid, a phenolic 

compound present in Boraginaceae species of plants reduced  free radical production and 

apoptosis in human hepatoma cells induced by AFB1 (Renzulli et al., 2004). The carbonyl 

functional group of curcuminoids was responsible for its antimutagenic and 

anticarcinogenic actions (Chun et al., 1999). Further, earlier reports suggest that curcumin 

has a strong inhibitory action on superoxide anion generation (Iqbal et al., 2003) and 

biotransformation of AFB1 to aflatoxicol in liver (Lee et al., 2001). Supplementation of 

turmeric is known to reduce the formation of adducts through modulation of cytochrome 

P450 function (Soni et al., 1997). The above findings demonstrated the possible mode of 

action of curcumin as an antioxidant and the results we obtained in the present study 

suggest that curcumin in TMP gave partial protection against aflatoxicosis. Current 
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findings also suggest that curcumin may need to be supplemented at levels higher than 74 

mg/kg to achieve optimum protection against 1.0 ppm AFB1.  

Genes involved in antioxidant function: 

Super oxide dismutase (SOD): SOD catalyses the conversion of superoxide anions into H2O2 

and is one of the primary enzymatic defenses against ROS (Fig. 12).  In the present study, hepatic 

gene expression of SOD was down-regulated in chicks fed a diet containing aflatoxin versus a 

control diet.  This down-regulation in SOD gene expression could potentially result in 

accumulation of superoxide anions within mitochondria, leading to oxidative stress and thereby 

impairing vital cellular functions (Marczuk-Krynicka et al., 2003). Curcumin is known to augment 

the antioxidant status especially SOD (Cheng et al., 2005). Birds fed  the combination of aflatoxin 

and curcumin had greater expression levels for SOD gene expression compared to those fed  only 

aflatoxin. These results suggest protective effects of curcumin in improving the antioxidant status 

in aflatoxin fed birds. 

Catalase (CAT) and Glutathione peroxidase (GPx):  Antioxidant enzymes, such as 

catalase within the peroxisomes and GPx located in the cytosol, are involved in the 

conversion of hydrogen peroxide, a powerful and potentially harmful oxidizing agent, into 

water and molecular oxygen (Liska, 1998) (Fig. 12). The breakdown of hydrogen peroxide 

on the inner mitrochondrial membrane and within the mitochondrial matrix causes 

site-specific damage of critical matrix targets, while the decomposition of hydrogen 

peroxide outside the mitochondria may cause damage to the outer mitochondrial 

membrane itself and/or cytosolic targets within the area of diffusion of the hydroxyl radical. 

It is anticipated that cells containing low levels of one or more of these enzymes would be 

particularly vulnerable to oxidative damage (Liska, 1998; Tiedge et al., 1998), and this 
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appears to be the case with the birds fed the aflatoxin contaminated diet in the present 

study.  The expression of GPx gene decreased in birds fed aflatoxin diet compared to 

controls. There was no statistical difference in gene expression among the four treatment 

groups for CAT gene. Reduction in GPx antioxidant enzyme expression in birds exposed 

to aflatoxin versus those fed a control diet could result in impaired conversion of hydrogen 

peroxide to water and persistence of the hydroxyl radical within hepatocytes. Decreased 

expression of GPx gene due to AF was alleviated by the inclusion of curcumin in the diet 

but no significant improvement was observed for catalase. Catalase is more effective than 

GPx in protecting against high cellular concentrations of hydrogen peroxide, while GPx is 

more protective than catalase when cellular hydrogen peroxide concentrations are low 

(Tiedge et al., 1998). This demonstrates the partial hepatoprotective effects of curcumin in 

aflatoxin fed birds. However, supplementation of curcumin to aflatoxin fed birds did not 

completely alleviate toxicological symptoms and important antioxidant gene, catalase 

levels remained low in these birds compared to controls. These observations recommend 

using higher levels of curcumin to alleviate pathophysiological symptoms associated with 

aflatoxicosis. Also, in the current study, levels of curcuminoid content of TMP was 1.48% 

which is less than the quantity used in earlier published reports (2.5 to 7.0%) to observe 

beneficial effects (Sasikumar et al., 2004; Reema et al., 2006).  

     Glutathione S-transferase (GST): Conjugation of reactive xenobiotic metabolites 

with glutathione is an important step in detoxification and is mediated by GST. An 

overload of xenobiotics may deplete glutathione through conjugation activities, thereby 

contributing to oxidative stress (Percival, 1997).  In addition, decreased hepatic expression 

of GST, as observed in birds exposed to aflatoxin in this study, could limit the hepatic 
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tissue’s ability to conjugate reactive metabolites. Decreased expression of GST gene due to 

AF was alleviated by the inclusion of curcumin in the diet. Results of the present study are 

consistent with earlier reports with regards to the protective effects of curcumin in 

aflatoxicosis. The beneficial effects have been explained by the protection against 

oxidative stress and the induction of antioxidant enzymes (Osawa et al., 2007). Earlier 

studies reported that curcumin reduced iron-induced hepatic damage, aflatoxin induced 

mutagenicity and hepatocarcinogenecity, and also DNA adduct formation by inhibiting 

cytochrome P450 in the liver (Osawa.T, 2007).  

     There are important interactions among the activities of several antioxidant enzymes 

and various ROS and cellular reactions, all of which could be responsible for some of the 

observations in the present study.  The decrease in the expression and activity of SOD, 

GST and GPx observed in the present study are additive with respect to oxidative damage. 

Non-enzymatic decomposition of hydrogen peroxide involving transition metals, such as 

iron, in a Fenton-type reaction can be more damaging to the cell than the production of the 

hydroxyl radical species (Scandalios, 1997). Furthermore, increased levels of hydrogen 

peroxide within the cells reduce  SOD activity (Marczuk-Krynicka et al., 2003), thereby 

increasing superoxide levels within the cell and reducing catalase activity 

(Marczuk-Krynicka et al., 2003). 

Genes involved in biotransformation: 

     Epoxide hydrolase (EH), GST and Cytochrome P450’s: Primary hepatic 

detoxification processes include, xenobiotic biotransformation (phase I metabolism) and 

the subsequent conjugation of the resulting metabolites (phase II metabolism), making 

them more water soluble and available for excretion from the body. Phase I metabolism 
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mainly involves the cytochrome P450 (CYP) enzymes. Cytochrome P450 (CYP) enzymes 

are associated with several biological interactions involving hydroxylation, epoxidation, 

oxygenation, dehydrogenation, nitrogen dealkylation, and oxidative deamination 

(Bhaskarannair et al., 2006). Although CYP-mediated reactions are essential for 

xenobiotic detoxification, they can also generate reactive oxygen species (ROS). All 

aerobic cells contain a battery of defenses to prevent cellular oxidative damage associated 

with ROS and/or active metabolites generated by CYPs (Tiedge et al., 1998). The 

microsomal CYP – dependent mono-oxygenase system in the liver plays an essential role 

in the metabolism of xenobiotics (Akahori et al. 2005). Various CYP isoforms exist in 

species ranging from archaebacteria to humans (Zuber et al., 2002).  The CYP2C isoforms 

are associated with oxidation of the mycotoxin aflatoxin B1 in rats (Zuber et al., 2002). The 

major CYP enzymes involved in hepatic metabolism of aflatoxin in poultry are the 

CYP1A1 (Klein et al., 2003) and CYP2H1 isoforms (Hamilton et al., 1993). CYP1A1 is 

known to activate certain pro-mutagens to their carcinogenic forms (Bhaskarannair et al., 

2006; Haas et al., 2006). In the present study, an increase in the expression of hepatic 

CYP1A1 and CYP2H1 genes were observed in chicks fed aflatoxin.  Overexpression of 

these CYP450 isoforms has been shown to induce chronic oxidative stress by generating 

more ROS, possibly leading to hepatocellular injury and death (Bhaskarannair et al., 

2006). It is evident from the results of the present study that transcriptional activation of 

CYP1A1 and CYP2H1 isoforms, in response to aflatoxin has the potential to increase 

oxidative stress. Also, these CYP 450 isoforms are involved in biotransformation of 

aflatoxin B1 to the highly toxic metabolite aflatoxin 8,9 epoxide (Klein et al., 2003) (Fig. 

13). CYP 450 isoforms oxidize AF B1 into two metabolites: the reactive intermediate, 
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AFB1 -8,9-epoxide (AFBO), and aflatoxin M1 (AFM1). Because of the importance of 

AFBO and AFM1 in the toxicity of AFB1, Yip and Coulombe (2006) concluded that CYP 

450 isoforms play an important role in the well-known hypersensitivity of turkeys to AFB1. 

This aflatoxin 8, 9 epoxide is detoxified by epoxide hydrolase (Fig. 13) (Tiemersma et al., 

2001) and GST enzymes (Tiemersma et al., 2001; Klein et al., 2003). Since genes coding 

for CYP 450 isoforms were up regulated and epoxide hydrolase and GST genes were down 

regulated in aflatoxin fed birds compared to controls in the present study, there is a greater 

chance for formation of more toxic intermediate metabolites such as aflatoxin 8, 9 epoxide. 

Furthermore down-regulation of these detoxification genes could reduce the bird’s ability 

to detoxify AFB1 which could lead to various toxicological effects. Klein et al. (2003) 

conducted a study to determine if the inclusion of butylated hydroxytoluene, an antioxidant 

in the diet has any chemoprotective effects in AFB1 fed birds. They observed decreased 

activity of hepatic microsomal CYP1A as well as conversion of AFB1 to the putative toxic 

metabolite, AFB1-8,9-epoxide (AFBO), compared to controls. Similar to the above 

findings, the antioxidant, curcumin in the current study decreased CYP1A gene expression 

compared to chicks fed aflatoxin suggesting chemoprotective effects.  

Genes involved in immune function:  

     Interleukins (IL-6 and IL-2): The interleukins are major lymphokines; interleukin1 is 

a T-cell activator, and interleukin 2 stimulates T-cell growth, cytotoxic and killer-cell 

activities. Aflatoxin exerts part of its immuno suppressive effects through these 

lymphokines. The effect of AFB1 on interleukin-2 (IL-2) gene expression was measured by 

Han et al. (1999) in murine thymocytes using real-time PCR. They observed a decrease in 

the transcriptional levels of IL-2 in these thymocytes. 
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     Dugyala and Sharma (1996) used male mice to test the effects of AFB1 (0.7 mg 

AFB1/kg) on the gene expression of IL - 1 alpha and IL-2. They reported that AFB1 

significantly suppressed the levels of IL-1 alpha protein and mRNA and protein levels of 

IL-2.  Hinton et al. (2003) investigated the effects of AFB1 on IL-1, IL-2 and IL-6 

production in male rats and found an increase in the production of IL-1 and IL-6. They 

concluded that AFB1 effects on the immune system can be either stimulatory or 

suppressive. In the present study, we observed no statistical difference in gene expression 

along the four treatment groups for IL-2 gene. Increased expression of IL-6 gene due to AF 

was alleviated by curcumin and this result is consistent with earlier reports (Hinton et al., 

2003). 

 

 

 

CONCLUSIONS 

 

 

 

     Current findings suggest that aflatoxin at 1.0 ppm has detrimental effects on growth 

performance and liver weights of chicks. This level of aflatoxin also decreased hepatic 

gene expression of SOD, GPx, GST and EH and increased the gene expression of IL6, 

CYP1A1 and CYP2H1. Curcumin inclusion in the diet improved bird performance and 

modified expression of genes associated with antioxidant and detoxification mechanisms. 
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Table 4: Performance data of chicks when fed aflatoxin, turmeric and their combination 

Treatment #   Av. Feed 
intake  
(gm/chick) 

Av. Body 
weight gain 
(gm/ chick) 

Wt of liver 
(% BW) 

A  
(Control) 

1047.3 a 
 

839.5 a 2.74 b 

B  
(1 ppm AF B1) 

857.8 b 662.0 c 3.37 a 

C  
(1 ppm AF + 0.5 % turmeric 

905.5 b 745.6 b 3.09 ab 

D  
(0.5% Turmeric) 

1004.9 a 790.9 ab 2.96 ab 

 

a, b, cMeans within a row with uncommon superscripts differ (P ≤0.05). 
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Table 5. Primer sequences (5’       3’) used in real-time PCR 
 
Name  Symbol Forward primer Reverse primer Product 

size (bp) 
Catalase CAT GGGGAGCTGTTTACTGCAAG TTTCCATTGGCTATGGCATT 139 

Carnitine palmitoyl 
transferase 1A 

CPT 1A ATCCCAGCTGCAGTGAGTCT GAGCTTCTGCCATTTTTGGA 116 

Cytochrome P450 
1A1 

CYP1A1 CACTTTCTGCCTGCTCCTG GGTCCTTCCTCAGCTCCAG 125 

Cytochrome P450 
2H1 

CYP2H1 ATCCCCATCATTGGAAATGT TCGTAGCCATACAGCACCAC 137 

Epoxide hydrolase EH AAAGGGACAGAAGCCTGACA CCTCCAGTGGCTCAGTGAAT 128 

Glutathione 
peroxidase 

GPx TTGTAAACATCAGGGGCAAA TGGGCCAAGATCTTTCTGTAA 140 

Superoxide 
dismutase 

SOD AGGGGGTCATCCACTTCC CCCATTTGTGTTGTCTCCAA 122 

Glyceraldehyde-3 
phosphate 
dehydrogenase 

GAPDH CCTCTCTGGCAAAGTCCAAG CAACATCAAATGGGCAGATG 128 

Interleukin 2 IL2 TGC AGT GTT ACC TGG GAG AA CTT GCA TTC ACT TCC GGT 
GT 

135 

Interleukin 6 IL6 GAC TCG TCC GGA GAG GTT G CGC ACA CGG TGA ACT TCT T 128 

Glutathione S 
transferase-alpha 

GST α GCCTGACTTCAGTCCTTGGT CCACCGaATTGACTCCATCT 131 
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Figure 14. Antioxidant protection against free radicals 
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     Figure 15. Biotransformation and detoxification of AF B1 
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CHAPTER V 
 
 
 

SUMMARY 
 
 
 

     The objective of the present studies was to determine the individual and combined 

effects of aflatoxin (AF) and turmeric on physiological and genomic parameters of male 

broiler chicken. It is well known that AF alters the physiology of birds, with the degree of 

response depending on the dose and duration of exposure. It was hypothesized that 

aflatoxin and turmeric individually and in combination would alter hepatic gene expression 

in broiler chicks. Furthermore, it was speculated that genomic responses altered due to AF 

would be alleviated by the addition of turmeric to the AF diet.  

     The studies reported in this thesis were designed to determine the effects of a diet 

containing aflatoxin, turmeric, and their combination on hepatic gene expression of broiler 

chicks with a goal to identify potential targets for pharmacological/toxicological 

intervention. The genomic responses were of interest, in terms of identifying pathways that 

control growth, development, metabolism, coagulation, biotransformation, detoxification, 

immune and antioxidant status of chicks fed AF. Response variables included 

physiological parameters (feed intake, body weight gain, and liver weights) and blood 

parameters (serum total protein, calcium and phosphorus) known to be affected by AF, and 

hepatic gene expression.  

     In the first experiment, we evaluated the physiological, blood and genomic parameters 

of male broiler chicks fed AF (0, 1, 2 mg AF/kg of feed) for three weeks. Aflatoxin reduced 

feed intake, body weight gain, serum total proteins, serum calcium and phosphorus but 
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increased liver weights in a dose dependent manner. Decrease in total protein levels could 

contribute to decreased efficiency of the immune system since the key mechanisms of 

some immune responses are the production of factors that kill pathogens, such as 

antimicrobial peptides and proteins. Decreased serum levels of calcium and phosphorus 

could be contributory factors to the leg and bone abnormalities associated with rubbery leg 

syndrome reported previously in birds fed AF. 

     Genomic effects of AF were evaluated in chick livers at the end of the three week 

feeding period.  Aflatoxin (2 ppm) increased gene expression of various cytochrome P450 

isoforms and decreased gene expression of antioxidant enzymes making the birds 

susceptible to oxidative stress. Overexpression of these CYP450 isoforms has been shown 

to induce increased formation of the more toxic epoxide metabolite, which could lead to 

hepatocellular injury and death. This toxic intermediate metabolite is detoxified by 

epoxide hydrolase (EH) and glutathione S-transferase (GST) both of which were down 

regulated in chicks fed AF in the current study. Down regulation of these genes could lead 

to reduced detoxification of AFB1 resulting in impaired xenobiotic metabolism. Genes 

associated with immune response were down-regulated in chicks fed AF making them 

more susceptible to secondary bacterial and viral infections. Compared with controls, 

genes associated with oxidative phosphorylation and ATP synthesis were down-regulated 

in livers of chicks fed AF.  Carnitine palmitoyl transferase, which transports long chain 

fatty acids into mitochondria for energy release, was down regulated in chicks fed AF 

when compared to controls. Down regulation of carnitine palmitoyl transferase activity 

could lead to decreased energy production in chicks fed AF. The insulin like growth factor 

gene was also down regulated in birds fed AF. This could lead to decreased growth rate of 
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birds, which is reflected by their reduced body weight gain. To compensate for the reduced 

feed intake and energy utilization, some of the genes associated with carbohydrate and 

protein metabolisms were up-regulated to turn on gluconeogenic pathways in birds fed AF. 

Compared with controls, genes involved in fatty acid metabolism were down regulated in 

birds fed AF resulting in the accumulation of fat in the liver which could be the reason for 

the fatty livers and increased liver weights observed in the present study.  

     Altered expression of genes involved in blood coagulation could be the reason for 

impaired coagulation in birds fed AF that can lead to hemorrhaging and sometimes even 

the death of the bird. Genes involved in angiogenesis, organogenesis, embryogenesis, 

neurogenesis and in the development of various systems such as the cardiovascular and 

nervous systems were down regulated in birds fed AF  and could be the probable reason for 

the occurrence of developmental defects in aflatoxicosis. Aflatoxin in the present study 

up-regulated many genes associated with cell proliferation which could contribute to the 

formation of hepatocarcinomas. Even though broilers don’t generally live long enough to 

develop cancers, AF B1-related diseases adversely affect their health and could cause 

slowing of growth and decreased resistance to microbial pathogens. Thus, this study 

demonstrates that AF exposure results in physiological responses associated with altered 

gene expression in chick livers. 

     In the second experiment, the efficacy of curcumin, an antioxidant supplied by turmeric 

powder, was evaluated for its ability to ameliorate changes in physiological responses and 

genomic expression in livers of broiler chicks fed AF (1 ppm). Similar to the first 

experiment, AF reduced feed intake and body weight gain, and increased relative liver 

weight in this study. Addition of curcumin to the AF diet ameliorated the negative effects 
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of AF on growth performance and reduced the increase in liver weight caused by AF. 

Although the reduction in liver weight in chicks fed the combination of AF and TMP was 

not significantly different from that of chicks fed AF alone, it was comparable to that of 

controls suggesting partial hepatoprotection due to curcumin.  Changes in the expression of 

genes involved in antioxidant function [catalase, super oxide dismutase, glutathione 

peroxidase, glutathione S-transferase], biotransformation [epoxide hydrolase, cytochrome 

P450’s (CYP 1A1, CYP 2H1)], and the immune system (IL-6 and IL-2) were evaluated 

using the quantitative real time PCR technique. There was no statistical difference in gene 

expression among the four treatment groups for catalase and IL-2 genes. Decreased 

expression of SOD, GPx, GST, EH genes due to AF was alleviated by the inclusion of 

curcumin in the diet. Increased expression of IL-6, CYP1A1 and CYP2H1 genes due to AF 

was alleviated by curcumin. The data suggest that curcumin supplied by TMP stimulated 

the antioxidant system, except for catalase, in liver for counteracting oxidative damage 

caused by AF. The current study demonstrated a partial protective effect of curcumin on 

hepatic gene expression in chicks fed AF. The above findings demonstrate the possible 

mode of action of curcumin as an antioxidant, and the results obtained in the present study 

suggests that curcumin present in TMP gave partial protection against aflatoxicosis. 

Results also suggest that curcumin may need to be supplemented at levels higher than 74 

mg/kg in order to achieve optimum protection against 1.0 ppm AFB1.  

     These results suggest that chicks fed AF had impaired antioxidant activities along with 

decreased growth, development, immune, coagulation, and detoxification mechanisms, 

making them susceptible to various other stressors. Furthermore, addition of TMP 

containing curcumin to the AF-contaminated diet partially protected chicks against AF. 
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	Figure 15. Biotransformation and detoxification of AFB1………………………………76 
	Inhibitory effects of naturally occurring compounds on aflatoxin B1 biotransformation: 
	     Two-step qRT-PCR was used to confirm expression patterns of differentially expressed genes in the study. Expression profiles of four selected genes (ornithine decarboxylase (OD), insulin like growth factor (IGF), coagulation factor IX (F9), glutathione S-transferase alpha (GSTα) were measured with qRT-PCR. From each chick liver, 10 µg  of total RNA was reverse transcribed using Stratascript RT (Stratagene, La Jolla, CA) with oligo dT (5µl/ µl) (IDT DNA, Coralville, IA) and random hexamers (5µl/ µl) (IDT DNA). Then, 6.25 ng of cDNA was added to a 25 µL PCR reaction to get a final concentration of 0.25 ng/µL of cDNA in a SYBR green assay (Applied Biosystems, Foster City, CA). Forward and reverse primer final concentrations were 100 nM in the SYBR green assay. Primers were designed using Primer3 program with an annealing temperature of 60 ˚C and amplification size of less than 250 bp (Table 1). Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as the endogenous control gene in the qRT-PCR experiments. Thermal cycling was carried out with an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster city, CA) under factory default conditions ( 50 °C, 2 min; 95 °C 10 min; and 40 cycles at 95 ºC, 15 sec; 60 ºC 1 min). Each gene was measured in triplicate and the formation of single PCR products was confirmed using dissociation curves. Negative controls, which consisted of all the components of the PCR mix except cDNA, were used for all primers. The relative quantification of gene expression changes were recorded after normalizing for GAPDH gene expression computed by using the 2-ΔΔCt method (user manual #2, ABI Prism 7700 SDS). In the 2-ΔΔCT analysis, the threshold cycle (Ct; cycle number at which the expression exceeds threshold level) from control birds was used as a calibrator sample. Statistical analyses of the data were performed by comparing birds fed aflatoxins Ct with control birds Ct for each gene using a two-tailed t-test with unequal group variance.   
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	Quantitative real-time PCR (qRT-PCR): 
	     Two-step qRT-PCR was used to measure expression patterns  of genes involved in antioxidant function [catalase (CAT), super oxide dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase (GST)], biotransformation [epoxide hydrolase (EH) cytochrome P450’s (CYP 1A1, CYP 2H1)], and the immune system [interleukins (IL-6 and IL-2)]. From each chicken liver, 10 µg  of total RNA was reverse transcribed using Stratascript RT (Stratagene, La Jolla, CA) with oligo dT and random hexamer primers. Then, 6.25 ng of cDNA was added to a 25 µL PCR reaction to get a final concentration of 0.25 ng/µL of cDNA in a SYBR green assay (Applied Biosystems). Forward and reverse primer final concentrations were 100 nM in the SYBR green assay. Primers were designed using Primer3 program with an annealing temperature of 60 ˚C and amplification size of less than 250 bp. Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as the endogenous control gene in the qRT-PCR experiments. Thermal cycling was carried out with an ABI Prism 7500 sequence detection system (Applied Biosystems Warrington, UK) under factory default conditions ( 50 °C, 2 min; 95 °C 10 min; and 40 cycles at 95 ºC, 15 sec; 60 ºC 1 min). Each gene was measured in triplicate and the formation of single PCR products was  
	confirmed using dissociation curves. Negative controls, which consisted of all the components of the PCR mix except cDNA, were used for all the primers. The relative quantification of gene expression changes were recorded after normalizing for GAPDH gene expression computed by using the 2-ΔΔCT method (user manual #2, ABI Prism 7700 SDS). In the 2-ΔΔCT analysis, the threshold cycle (CT) from control birds was used as a calibrator sample. Statistical analyses of the data were performed by comparing aflatoxin birds CT with control bird CT for each gene using a two-tailed t-test with unequal group variance. 
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