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Figure 1. Schematic of mitochondrial ROS production, antioxidant defense, and oxidative stress. 

As adapted from Settle et al.(2012). 
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Figure 2. Purine Degradation Pathway. Uric is produced in the terminal reactions of purine 

degradation by xanthine oxidoreductase (XOR). Adapted from 

http://seqcore.bref.med.imich.edu/mcb500 

 

 

 

 

 

 

 

 

 

 

 



47 
 

Chapter 1: The effect of Allopurinol and Inosine Administration on Xanthine Oxidoreductase 

Gene Expression in selected tissues of Broiler Chickens 
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Abstract 

  Uric acid is considered the most significant factor in amelioration of oxidative burden in 

birds. Uric acid is formed in the terminal reactions of purine degradation by the enzyme xanthine 

oxidoreductase (XOR). In this study, inosine, a purine precursor, was fed to 3 groups of 5 birds: 

Group 1 was fed 0 (control), Group 2, 0.6 mols inosine/kg feed (INO) and Group 3, INO 

treatment plus 50 mg allopurinol/kg BM (INOAL). Allopurinol is a known inhibitor of XOR and 

thereby reduces uric acid (UA).  INOAL birds showed lower total liver XOR activity (p=0.005) 

but kidney XOR activity was not affected. Both INO and INOAL treated birds had higher plasma 

and kidney UA concentrations than controls. Liver uric acid (LUA) was significantly reduced in 

INOAL birds when compared to other treatments. XOR gene expression was increased 

(p=0.007) in the liver tissue of INOAL birds when compared to CON and INO birds. However, 

there were no significant changes in XOR gene expression in the kidney tissue. To our 

knowledge, this is the first report of XOR gene expression measured under these conditions.  

These results suggest that regulation of UA production is tissue dependent. The results also 

indicate a compensatory effect of allopurinol on XOR gene expression which can be linked to a 

decrease in antioxidant protection from UA. 
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Introduction 

Xanthine oxidoreductase (XOR) catalyzes the terminal reactions in purine degradation to 

uric acid (UA), a potent antioxidant for birds and humans. Specifically, XOR catalyzes the 

formation of UA from hypoxanthine and xanthine. XOR exists in two interconvertible forms: 

xanthine oxidase (XO) and xanthine dehydrogenase (XD). In mammals, XOR is predominantly 

found in the XD form, which can be converted to XO either irreversibly via proteolysis or 

reversibly by oxidation of the sulfhydryl residues (Hille and Massey, 1981). In the avian, a low, 

but detectable activity of XO has been measured in the liver and kidney (Remy and Westerfeld, 

1951; Nishino et al., 1989; Harrison, 2002; Carro et al., 2009a). Despite this discovery, the 

majority of previous research in birds has focused on activity of XD. 

XOR reaction products include UA and reactive oxygen species (ROS), specifically the 

generation of peroxide and superoxide radicals. Both radical types are implicated in exacerbating 

oxidative damage to various tissues (Galbusera et al., 2006).  In contrast UA is a potent 

antioxidant in birds (Simoyi et al., 2002; Stinefelt et al., 2005). In most mammals, uricase 

converts UA to allantoin before excretion. In birds, humans, reptiles, and some higher primates, 

uricase is absent due to the evolutionary loss of the UOX gene encoding for uricase and therefore 

UA concentrations in the plasma remain elevated (Oda et al., 2002). Increased UA 

concentrations have been shown to reduce oxidative stress (Simoyi et al., 2002), while a 

reduction in UA dramatically increases oxidative stress (Klandorf et al., 2001; Carro et al., 

2009b). The gene structure of XOR has been determined in several species including humans, 

mice, chickens, and insects. However, it should be noted that to our knowledge the gene 

sequences for either XD or XO specifically have not been determined for chickens and only 

xanthine oxidoreductase has been sequenced.   
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Previous studies have investigated the effects of diet on chicken XD activity (Scholz and 

Featherson, 1968; Itoh et al., 1978), developmental patterns of XD in the embryo and the post-

hatching period (Lee and Fisher, 1972), and tissue XOR distribution in broilers (Carro et al., 

2009a, Settle et al., 2012), but to our knowledge little is known about the regulation of XOR 

gene expression in birds.  

The gene loci that code for human and mouse XOR have been idntified and the associated 

genes have been assigned to chromosomes 2p22 and 17 (Harrison, 2002 and Cazzaniga et. al., 

1994). Drosophila genes tend to be more compact with only four or five exons  (Terao 

et.al.,1997). In mammals the exon-intron structure is highly conserved and contains  >60 kb and 

approximately 36 exons (Xu et.al.,1996). Mammalian and avian cDNA sequences have also been 

reported. Avians, specifically chickens, have a sequence that corresponds to 1358 amino acids 

whereas mammalian enzymes have a range from 1330-1335 with approximately 90% homology 

between themselves (Harrison, 2002). The Mo-Co binding site is the most conserved of the 

amino acid sequences and has a 94% homology between human, rat, and mouse XOR (Xu et. al., 

1995). Mutations in the XOR gene in humans, more specifically concerning the XD form, have 

been linked to inheritable xanthinuria.  

Inhibition of the XOR enzyme results from feeding allopurinol or oxypurinol, as well as 

from feeding molybdenum-deficient diets that are high in tungsten (Harrison, 2002). Allopurinol 

is used to treat gout and hyperuricemia in humans. In birds, allopurinol decreases plasma uric 

acid (PUA) levels (Klandorf et al. 2001; Simoyi et al., 2002; Carro et al., 2009b), but information 

on its effects on XOR activity is scarce, and the effects may be tissue dependent (Woodward et 

al., 1972; Carro et al., 2009b). Previous studies in our lab have demonstrated inosine fed with 

allopurinol can lead to a residual toxic effect in the liver tissue of broilers due to reduction of UA 
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concentrations within the tissue (Settle et al., 2012).  In order to better understand factors that 

regulate XOR activity, UA levels were increased by exogenous administration of inosine to 

broilers. While there was no effect on activity of XOR, it was hypothesized that allopurinol 

would have a down-regulating effect on UA production; however this could potentially have a 

compensatory effect such that XOR gene expression would increase in response to the reduced 

antioxidant defense provided by UA.  

Methods 

Animals and Experimental Diets  Twenty Cobb x Cobb mixed sex chicks at one day of age 

were donated from Pilgrim’s Pride Hatchery (Moorefield, WV) and fed a commercial starter diet 

until three weeks of age before being offered a commercial grower diet. At 5 weeks of age, 15 

birds were selected and divided into 3 homogeneous groups according to their body mass (BM) 

and PUA concentrations. Each group was randomly assigned to one of 3 treatments CON 

(control), INO (inosine), and INOAL (inosine with allopurinol). Birds in the control group were 

fed a commercial broiler diet free of antibiotic additives. Birds in the INO group were provided 

the control diet supplemented with inosine at a rate of 0.6 mols inosine per kg of feed. Birds in 

the INOAL group received the control diet containing inosine and allopurinol at 50 mg per kg 

BM over a short period of time to assess the effect of decreased uric acid on XOR gene 

expression and activity. This dose of inosine had been previously shown to raise PUA levels in 

broilers (Simoyi et al., 2002). Body weight and feed intake were monitored over the 

experimental period. At the end of the experimental period, birds in each group were euthanized 

by cervical fracture and tissues were collected. The right kidney was removed as well as the 

liver. Tissues were snap frozen in liquid nitrogen and stored in -80°C until analysis. 
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cDNA synthesis. Total mRNA from 1mg of either kidney or liver tissue was extracted using 

RNA-Bee isolation medium (Tel-Test, TX) and quantified using a Genequant spectrophotometer. 

Quality was assessed using a denaturing formaldehyde-agarose gel. First strand cDNA was  

synthesized by using Life Technologies’ Superscript II Indirect cDNA Labeling System Life, 

Carlsbad, CA ) according to the manufacturer’s protocol. Each reaction mixture contained 2.5µL 

of 2.5mM dNTP mixture, 5.0µL of 5x reverse transcriptase buffer, 2.0µL of 0.1M Dithiothreitol 

(DTT),  0.5µL RNasin (Promega), and 2.0µL random hexamer primers (Roche Scientific). The 

final cDNA concentration was 1.8 µg/µL.  Each sample was heated to 70°C for five minutes and 

then 4°C for five minutes in a MJ Research PTC-200 DNA Engine ( MJ Research Inc. 

Watertown, MA, USA). At this time, 1L reverse transcriptase (Super Script II, Life 

Technologies, USA) was added to each sample and cycled at 37°C for sixty minutes, 90°C for 

five minutes, and 4°C for five minutes. Samples were stored at -80°C until analysis with real-

time RT-PCR less than 48 hours after synthesis. 

Real-Time RT-PCR.  Primers for XOR (Forward: 5’CTGCAGGATGCCTGCCGCTT3’;  

Reverse: 5’GCATGGGCTTGGGTGCTGGT3’) and Glyceraldehyde 3-phosphate dehydrogenase  

(GAPDH) were designed using Primer3 software (Howard Hughes Institute). Each sample was 

assayed in triplicate for the XOR and GAPDH primers on a 96-well plate. GAPDH (forward: 

5’GACGTGCAGGAACACTA3’; reverse: 5’CTTGGACTTTGCCAGAGAGG3’)  was selected as 

a normalizer for this experiment as there were no differences in expression patterns due to 

treatment.  A pooled sample, that contained cDNA samples from all treatments, was used for 

both analyses of both primer efficiencies. Primers were diluted to 5µM/µL concentration in 

nuclease free water.  A serial dilution was used to obtain a standard curve for each primer and 

efficiency was calculated.  Primer efficiencies were determined from the slope of the regression 
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line calculating the log of the cDNA concentrations versus the Ct value using the equation: 

E=10
(-1/Slope)

.  The efficiencies were used to calculate the relative mRNA abundance using the 

“efficiency corrected relative expression” equation (Equation 3; Pfaffl, 2001). Real time RT-

PCR was performed using IQ Sybr Green Supermix (Bio Rad Inc., USA) on a Bio Rad CFX 96 

Real-Time System (Bio Rad Inc., USA). Each PCR reaction mixture contained 10µ IQ Sybr 

Green Supermix, 3µL diluted cDNA (1:10), 1 µL each of the forward and reverse primer (diluted 

to 5µ/µL), and 5 µL of nuclease-free water. Each sample was run in triplicate on a 96 well plate. 

The PCR reaction cycle was as follows: 95°C for 3 min, 95°C for 15 sec, 62°C for 30 sec, 70°C 

for 30 sec. (repeated for 40 cycles). Then intervals of 95°C and 60°C for 5 min.  Relative 

expression was determined using the efficiency corrected relative expression method (Pfaffl, 

2001). 

Xanthine oxidase and xanthine dehydrogenase activities. Previously, tissue preparation and 

enzyme activity determination have been described in detail by Settle et al. (2012). Briefly, 

frozen tissue samples (0.5 g) were homogenized in 4 mL of ice-cold 0.1 M TRIS buffer (pH = 

7.8) using a Polytron PT 2100 (Kinematika AG, Littau, Switzerland) for 20 s at 19,000 rpm. The 

homogenate was centrifuged (14000 x g, 4°C, 30 min) and 1 mL of the supernatant fraction was 

immediately chromatographed on Sephadex G-25 (PD-10 desalting colums; GE Healthcare, 

Piscataway, NJ, USA) and equilibrated with 1.5 mL of 0.1 M TRIS buffer (4ºC). The eluates 

were stored on ice and assayed for XO and XD activities within 1-2 h after homogenizing the 

tissue.  

 XO and XD activities were assayed by measuring the formation of UA when xanthine was 

incubated with the eluates. Each eluate was incubated with 100 µM xanthine in the presence of 

ambient oxygen (XO activity) or with 100 µM xanthine and 0.67 mM NAD
+ 

(XO + XD activity). 
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The reaction mixture contained 200 µL of eluate and 2.8 mL of 0.1 M TRIS buffer (pH = 7.8) 

with 100 µM xanthine. The tubes containing the reaction mixtures were incubated at 41ºC for 30 

min, and absorbance was measured at 294 nm in a Beckman Spectrophotometer DU 640 

(Beckman Instruments, Fullerton, CA). The amount of UA produced was determined from the 

difference between the absorbance values at 30 and 0 min, as compared to external standards of 

known UA concentration. Blanks containing xanthine and xanthine plus NAD
+ 

were incubated 

along with the sample tubes to correct for nonenzymatic oxidation of xanthine. Each assay was 

performed in duplicate.  

One unit of activity was defined as the production of 1 nanomol of UA per min at 41ºC and 

pH 7.8 using 100 µM xanthine as substrate in the presence (XO + XD activity) or absence of 

0.67 mM NAD
+ 

(XO activity). XD activity was calculated as the difference between total (XO + 

XD) and XO activity. XO and XD activities are expressed as units per mg of protein, but XO and 

XD activity in total liver was calculated as units per g of liver multiplied by liver weight.  

Specific activities were expressed in terms of units per mg of protein in the eluate. The protein 

content in the eluate was assessed by Bio Rad Protein Assay (Bio-Rad Chemical Division, USA) 

on a spectrophotometer according to the method of Bradford (1976) using serum albumin as 

standard.  

Uric acid analysis.  As described by Settle et al. (2012), the UA concentration in plasma 

was measured in the supernatant fraction by using a commercially available cholorometric 

diagnostic kit (Sigma Diagnostic kit procedure 685; Sigma Diagnostics, St. Louis, MO). This 

method employs uricase to generate H2O2 which reacts with 4-aminoantipyrine (4-AAP) and 

TBHB in the presence of peroxidise to form a quinoneimine dye measured on a 
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To our knowledge, this is the first report of XOR gene expression in birds. The chicken XD 

gene was first cloned by Sato et al. (1995) and was found to contain 1358 nucleotides.  In this 

study, there was a significant induction of XOR gene expression in liver tissue of INOAL birds. 

Given that the liver UA content was significantly decreased it can be hypothesized that the liver 

may be vulnerable to oxidative damage due to a reduction in antioxidant defense. Simoyi et al. 

(2001) showed that a decrease in uric acid of the plasma can be linked to an increase in leukocyte 

oxidative activity, which suggests that the increase in XOR gene expression represents a 

compensatory mechanism to reduce oxidative damage to this tissue. A study by Dupont et al. 

(1992) reported that there was an increase in XD/XO gene expression at the transcriptional level 

in rat endothelial cells under treatment with IFN-γ, linking an increase in this gene with an 

increase in pro-inflammatory cytokines. Furthermore, there is evidence that uric acid, a 

scavenger of peroxynitrite, exhibits protective properties in the inhibition of CNS inflammation 

as well as the blood-CNS barrier that has been compromised by peroxynitrite damage (Hooper et 

al., 2000).  It is suggested that there is an increase in oxidative damage and inflammation in 

INOAL birds which may be directly related to the reduction in uric acid in the liver thereby 

causing a concomitant increase in the XOR gene expression.  

There was not a significant difference in the kidney tissue with respect to XOR gene 

expression, indicating that there are tissue-specific differences in regulation of UA. A study by 

Suzuki et al. (1984) using a rat model, suggested that liver and kidney tissue may show 

differences in sensitivity to allopurinol doses such that a range of 10-100 mg/kg BW/ day can be 

toxic resulting in hepatic necrosis and renal damage in some cases. In the case of the kidney, it 

was found that relative kidney weight, creatinine, and BUN increased at doses above 10 mg/kg 

BW, indicative of renal damage and it was concluded that the kidney may be more sensitive to 
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allopurinol, but the mechanism was not determined (Suzuki et al., 1984). In birds uric acid is 

packaged in protein vesicles in the kidney before secretion (Braun and Dantzler, 1997) and the 

insoluble uric acid crystals are excreted along with fecal material from the cloaca (Skinner et al., 

2001). Uric acid is actively transported by MRP4 from the proximal tube epithelium (Bataille et 

al., 2008). The mechanism of transport from the avian liver is, to our knowledge, unknown. 

These results also indicate that the regulation of uric acid differs between tissues.  

In conclusion, these studies show that allopurinol had a residual toxic effect in the liver 

and kidney, as indicated by chronically depressed UA concentrations in both tissues. The low 

UA tissue concentrations reported by Settle et al. (2012) are an indication of increased 

susceptibility to oxidative stress, due to the inverse relationship that UA has with oxidative 

stress. There was a significant increase in XOR gene expression in liver tissue, indicative that a 

reduction in concentrations of uric acid may initiate a compensatory up-regulation of the XOR 

gene to restore antioxidant protection to the tissue. However, this was not demonstrated in 

kidney tissue, which indicates that the mechanisms regulating UA production in liver and kidney 

may differ. Future work with the allopurinol model of inflammation will further increase our 

understanding of the role that XOR has within the avian and the importance in the regulation of 

uric acid in the antioxidant defense system. 
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Figure 1. Effects of experimental treatments (CON: 0; INO: 161 g of inosine/kg feed; INOAL: 

161 g of inosine plus 0.5 g of allopurinol/kg feed) XOR gene expression in the liver tissue of 

broilers (n=5). 
a, b

 For each variable, means a bar lacking a common superscript differ (P<0.05). 

Error bars represent SEM for each treatment. 
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Figure 2. Effects of experimental treatments (CON: 0; INO: 161 g of inosine/kg feed; INOAL: 

161 g of inosine plus 0.5 g of allopurinol/kg feed) XOR gene expression in the kidney tissue of 

broilers (n=5). 
a, b

 For each variable, means a bar lacking a common superscript differ (P<0.05). 

Error bars represent SEM for each treatment. 
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Table 1 

Effects of experimental treatments (CON: 0; INO: 161 g of inosine/kg feed; INOAL: 161 g of 

inosine plus 0.5 g of allopurinol/kg feed) on plasma uric acid concentrations and body mass 

(BM) and in broilers (n=5) 

   
Plasma uric acid (mg/dL) 

Treatment Initial BM 
(kg) 

Final BM 
(kg) 

 
Day 0 Day 3 Day 6 

CON 2.26 2.87
 b
  5.12 4.41

 a
 4.46

 a
 

INO 2.19 2.65
 b
  4.93 18.6

 c
 14.3

 b
 

INOAL 2.23 2.07 
a
   4.96 13.9 

b
  12.0 

b
  

SEM 0.080 0.110  0.530 1.070 1.133 

P =  0.853 < 0.001  0.847 < 0.001 < 0.001 

a, b, c
 For each variable, means within a column lacking a common superscript differ (P<0.05). 

SEM: standard error of the mean. 
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Table 2 

Effects of experimental treatments (CON: 0; INO: 161 g of inosine/kg feed; INOAL: 161 g of 

inosine plus 0.5 g of allopurinol/kg feed) on liver weight, activities of xanthine oxidase (XO) and 

xanthine dehydrogenase (XD) and uric acid concentration in the liver of broilers (n=5). 

  Activity 
(units/mg protein) 

 
Uric acid 

Treatment Liver weight 

(g) 

XO XD XO + 
XD 

Total XO + XD 
activity 

(units/liver) 
mg/g wet 

tissue 

total mg in 

the liver 

CON 60.8
 b
 7.92 37.9 45.9 24.7

 b
 0.262

 b
 15.5

 b
 

INO 53.6
 b
 7.97 37.2 44.6 20.9

 ab
 0.266

 b
 14.3

 b
 

INOAL 41.2 
a
  7.33 35.7 43.7 16.2 

a
  0.093 

a
  3.76 

a
  

SEM 2.82 0.559 2.50 3.00 1.49 0.0333 1.582 

P =   0.001 0.673 0.812 0.875  0.005 0.005 < 0.001 

a, b
 For each variable, means within a column lacking a common superscript differ (P<0.05). 

SEM: standard error of the mean. 
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Table 3 

Effects of experimental treatments (CON: 0; INO: 161 g of inosine /kg feed; INOAL: 161 g of 

inosine plus 0.5 g of allopurinol /kg feed) on activities of xanthine oxidase (XO) and xanthine 

dehydrogenase (XD) and uric acid concentration in the kidney of broilers (n=5). 

 
Activity (units/mg protein)  

  Treatment XO XD XO + XD 
Uric acid (mg/g wet 

tissue) 

CON 5.80 34.2 40.0 0.084
 a
 

INO 5.49 31.5 37.0 0.596
 b
 

INOAL 5.22 31.0 36.2 0.139 
a
  

SEM 0.341 2.28 2.56 0.1193 

P =  0.510 0.573 0.554 0.006 

a, b
 For each variable, means within a column lacking a common superscript differ (P<0.05). 

SEM: standard error of the mean. 
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Chapter 2. The Effect of Allopurinol Administration on Mitochondrial Respiration 
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Abstract 

Birds have a remarkable longevity for their body size despite an increased body 

temperature, higher metabolic rate, and increased blood glucose concentrations compared 

to most mammals. Theoretically, birds should sustain a much higher degree of oxidative 

damage yet do not, in part due to the powerful antioxidant, uric acid.  As the end-product 

of purine degradation, uric acid is generated in the xanthine/hypoxanthine reactions 

catalyzed by xanthine oxiodreductase (XOR).  In the first study, Cobb x Cobb broilers 

(n=12; 4 weeks old) were separated into two treatments (n=6); control (CON) and AL 

(allopurinol 35mg/kg BW). The purpose of this study was to assess mitochondrial 

function in broiler chickens in response to potential oxidative stress generated from the 

administration of allopurinol. Mitochondria were freshly isolated from liver tissue and 

assessed for State III and State IV respiration using polarography. There was a significant 

reduction in State III respiration (p=0.01) and State IV respiration (p=0.007) in 

allopurinol-treated birds compared to the controls. The purpose of the second study was 

to assess the effect of allopurinol on gene expression of inflammatory cytokines IFN-γ, 

IL-1β, IL-6 and IL-12p35 as well as iNOS and XOR in liver tissue. Cobb x Cobb broilers 

were separated into two groups at 4 weeks of age (n=10); control (CON) and ALLO 

(allopurinol 35mg/kg BW). After one week of allopurinol treatment, half of the birds in 

each group (CON 1 and ALLO 1) were euthanized while the remaining birds continued 

on allopurinol treatment for an additional week (CON 2 and ALLO 2). A significant 

increase in gene expression of XOR, IFN-γ, IL-1β, and IL-12p35 in ALLO 2 birds as 

compared to birds in CON 2 was detected. iNOS was numerically increased in ALLO 2 

birds though this was not significant (p=0.076). Liver uric acid content was significantly 



71 
 

decreased in both ALLO 1(p=0.003) and ALLO 2 (p=0.012) birds when compared to 

CON1 and CON 2 respectively. No differences in body weight (BW) were measured 

from 0-7 days of treatment in any of the groups. However, there was a significant 

decrease in BW of ALLO 2 birds when compared to CON 2 birds at 10 (p= 0.011) and 14 

days (p=0.012) of treatment.  The reduced uric acid concentration in the liver suggests 

that allopurinol treatment leads to a lowered antioxidant activity leading to increased 

oxidative stress and inflammation in this tissue which results in mitochondrial 

dysfunction. 
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Introduction 

Birds have a remarkable longevity for their body size despite an increased body 

temperature, higher metabolic rate, and increased blood glucose concentration compared with 

mammals (Holmes and Austad, 1995). Theoretically, birds should sustain a much higher degree 

of oxidative damage (Monnier et al., 1991).  Despite comparatively low mitochondrial reactive 

oxygen species (ROS) production, there is cumulative oxidative damage by ROS as evidenced 

by the accumulation of pentosidine throughout the bird’s lifespan (Barja, 1998; Chaney et al., 

2003). To cope with this production of ROS over time, birds must utilize a more efficient 

antioxidant defense system.  

 Oxidative stress can contribute to inflammation by activating select transcription factors 

including NF-κB, PPARγ, and AP-1 which are associated with the pathogenesis of disease 

processes (Reuter et al., 2010). In turn, activation of these transcription factors can lead to the 

expression of genes coding for inflammatory cytokines and chemokines amongst other 

regulatory molecules. ROS are involved in a broad spectrum of diseases associated with chronic 

inflammation, neurodegenerative diseases, and some cancer mechanisms (Reuter et al., 2010). 

Induction of these chemokines and cytokines as well as nitric oxide synthase (NOS), the enzyme 

family responsible for the conversion of L-arginine and NADPH to nitric oxide (NO) and L-

citrulline, have been reported to have a role in oxidative stress induced inflammation (Hussain 

and Harris, 2007).  Furthermore, inducible nitric oxide synthase (iNOS) can be activated by IFN-

γ (Guzik et al., 2003).  Inflammation, an increase in oxidative stress, and a decrease in NO 

production have been linked to pulmonary hypertension syndrome and mitochondrial 
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dysfunction in the liver and heart of broiler chickens (Chapmen and Wideman, 2006). 

Dysfunction of cardiac, liver and lung mitochondria resulting in an increase in ROS production 

have been linked with inflammation and can be considered a possible underlying factor in 

pulmonary hypertension syndrome in broilers (Tang et al., 2002; Cawthon et al., 2000; Iqbal et 

al., 2000). 

 Birds, comparable to other species, rely on exogenous and endogenous antioxidant 

defense systems. Uric acid is a potent antioxidant and it is arguably, the dominant antioxidant 

defense mechanism for birds (Seaman et al., 2008, Stinefelt et al., 2005, Machin et al., 2004, 

Simoyi et al., 2002, Klandorf et al., 2001).  Due to the evolutionary lack of urate oxidase 

expression, also known as uricase, birds (comparable to reptiles, higher primates, and humans) 

do not convert uric acid to allantoin and so uric acid is the end product of purine degradation in 

birds. In models of multiple sclerosis, urate is known to scavenge peroxynitrite radicals (Hooper 

et al., 2000). 

 The enzyme xanthine oxidoreductase (XOR) catalyzes the reaction between 

hypoxanthine and xanthine to form uric acid. This enzyme is present in two forms: xanthine 

dehydrogenase (XD) and xanthine oxidase (XO). In birds, XD is the predominant form in the 

liver, kidney, pancreas, intestine, and other tissues (Harrison, 2002). Recently, however, XO 

activity has been measured in chicken liver, kidney, pancreas, and intestine (Carro et al., 2009a). 

Settle et al. (2012) reported that allopurinol, an inhibitor of XOR, reduced tissue uric acid 

concentrations in the liver of broiler chickens, so creating a residual toxic effect in the liver, 

which potentially leads to an increase in oxidative damage. Furthermore, a combination of the 

purine precursor to uric acid, inosine, when combined with allopurinol failed to maintain either 

liver or kidney uric acid concentrations while XOR activity remained unchanged in the kidney 
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but was lowered in the liver of allopurinol-fed birds which suggested a tissue dependent 

regulation of this enzyme  (Settle et al., 2012).  Lee and Fisher (1972)  reported that chicks fed 

allopurinol at a dose of  75 mg/g feed from 1-28 days of age showed an increase in XOR activity 

in the liver concomitant with a decrease in uric acid content. The authors suggested that these 

data provided evidence for a feedback mechanism via the purine precursors to restore tissue uric 

acid concentrations.    

This study was designed to better understand the factors that regulate XOR gene 

expression and the role of uric acid as an antioxidant in the liver tissue. We hypothesized that 

XOR inhibition with allopurinol would decrease uric acid, which would result in an increase in 

XOR gene expression in response to the reduced UA levels. Secondly, lowered protection by UA 

in the liver is hypothesized to induce mitochondrial dysfunction and inflammation leading to an 

increase in oxidative damage and ultimately, a decline in bird health. To our knowledge, this is 

the first time that mitochondrial function and markers of inflammation will be measured in the 

liver tissue of broilers under these experimental conditions. 

Materials and Methods 

All experimental protocols were approved by the West Virginia University Animal Care and Use 

Committee. 

 

Experiment 1 

The purpose of this study was to determine the preliminary effects of administering 

allopurinol (AL) on mitochondrial respiration and respiratory control ratio, in order to identify 

sources of oxidative stress in selected tissues. To our knowledge, a link between reduced UA in 

the tissue and indices of mitochondrial function has not been established in broiler chickens. 
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Broilers and Experimental Procedures. Twenty mixed sex Cobb 500 (Cobb xCobb ) broilers 

(one day of age) were donated from a local hatchery (Pilgrim’s Pride, Moorefield, WV) and 

maintained under standard husbandry practices. At 4 weeks of age, twelve birds were separated 

into two groups CON (control, no allopurinol) and AL (allopurinol). AL birds were administered 

allopurinol in the feed at a dose of 35mg/kg BW.  Previously, Carro et al (2009a) and Settle et al. 

(2012) demonstrated that a dose range of 25-50 mg/kg BW successfully lowered plasma and 

tissue uric acid, so for this study an intermediary dose of 35mg/kg BW was selected. BW was 

measured at the beginning and the end of the study. Birds in the AL group were administered 

allopurinol for one week. At this time, control and AL birds were euthanized by cervical fracture. 

Heart (left ventricle) and liver tissue were excised, weighed, and immediately placed in ice cold 

phosphate buffered saline (PBS) pH 7.0 for mitochondrial extraction and analysis. Remaining 

tissue was stored at -80°C. Relative liver and heart weights were calculated as the ratio of tissue 

weight to body weight multiplied by 100. Heart tissue was used as a control for the measurement 

of respiration.  

Mitochondrial Isolation. Mitochondrial and cytosolic fractions were freshly isolated using the 

Mitochondria/Cytosolic Fractionation kit (BioVision Inc. San Francisco, CA, USA) according 

the manufacture’s protocol. Briefly, tissues were rinsed in PBS, blotted dry, and then weighed. 

Approximately 1 g of tissue was minced and homogenized. Homegenates were centrifuged at 

centrifuge at 700xg (3000 rpm) for 10 minutes at 4°C and supernatant was transferred to 1.5mL 

microcentrifuge tube and spun at 10,000 x g (13000 rpm) for 30 minutes at 4°C. The supernatant 

was collected (cytosolic fraction) and stored at -80°C until analyzed. The resulting pellet was 

resuspended (mitochondrial fraction) in 0.5mL mitochondria suspension buffer (70mM sucrose, 
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220mM mannitol, 2mM HEPES at pH 7.4, and 1mM EDTA). Protein was measured using the 

Coomassie Bradford Protein Assay Kit (Bio Rad, USA). 

Measurement of State 3 and State 4 Respiration and Respiratory Control Ratio.  State 3 

(active) and State 4 (resting) respiration were measured and analyzed for each tissue type using 

the OX1LP Dissolved Oxygen Package (Qubit Systems, Canada) polarography software. 1.5mL 

of respiration buffer was added to each chamber along with 1mg/mL BSA (bovine serum 

albumen) to calibrate each chamber. 40µL of each individual sample was added to the chamber 

at 0 minutes, 15µL of a 1:1 ratio of glutamate (5nM) and malate (5mM) was added at 3 minutes 

to initiate the electron transport chain, and 6µL of 250mM ADP was added at 5 minutes to the 

reaction. Oxygen consumption was read for approximately 40 minutes per sample. Respiration is 

reported as mmol of oxygen consumed per minute per milligram of protein. The first slope of the 

resulting respiration graph corresponds to State 3 respiration while the second slope corresponds 

to State 4 respiration. Means for each treatment were analyzed and graphed. Respiratory control 

ratio (RCR) is calculated by the division of State 3 by State 4 slopes. 

Measurement of cytosolic uric acid. Cytosolic UA content was measured using a modification 

of the protocols for plasma uric acid from Settle et al. (2012).  Briefly, the UA concentration in 

40µL samples of cytosol from liver and heart tissue was measured by using a commercially 

available colorometric diagnostic kit (Sigma Diagnostic kit procedure 685; Sigma Diagnostics, 

St. Louis, MO). This method employs uricase to generate H2O2 which reacts with 4-

aminoantipyrine (4-AAP) and TBHB (tribromo-3 hydroxy benzoic acid) in the presence of 

peroxidise to form a quinoneimine dye. The resulting change in absorbance at 520 nm is 

proportional to UA concentration in the sample. 
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Experiment 2 

The purpose of this study is to establish whether a reduction in uric acid can lead to an increase 

in inflammation in the liver tissue and whether XOR gene expression is upregulated in a 

compensatory response to re-establish antioxidant defense mechanisms. To our knowledge this 

has not been established for broiler chickens. 

Birds and Experimental Procedures. Thirty mixed sex Cobb 500 (Cobb x Cobb) broilers (one 

day of age) were generously donated from a local hatchery (Pilgrim’s Pride, Moorefield, WV) 

and maintained under standard husbandry practices. At 4 weeks of age, 20 birds were separated 

and placed into two groups (n=10 per group): CON (control) and ALLO (allopurinol). CON 

birds were given a commercial diet with no allopurinol inclusion. ALLO birds were administered 

allopurinol at a dose of 35mg/kg BW as in experiment 1. After one week of allopurinol 

administration half of the birds in each group (CON 1 and ALLO 1) were euthanized by cervical 

fracture. The liver of each bird was removed, placed in a sterile bag, and immediately frozen in 

liquid nitrogen. Samples were stored in a -80°C freezer until analysis. Remaining birds (CON 2 

and ALLO 2) were maintained on treatment for an additional week before euthanasia and tissue 

removal.  Relative liver weight was calculated as described for experiment 1.  Birds in each 

group were weighed at 0, 3, 6, and 7 days.  Additionally, CON 2 and ALLO 2 birds were 

weighed at 10 and 14 days. Feed intake was monitored at these time intervals as well and doses 

of allopurinol were adjusted accordingly throughout the experimental period.  

cDNA synthesis. Total mRNA from 1mg of liver tissue was extracted using RNA-Bee isolation 

medium (Tel-Test, TX) and quantified using a Genequant spectrophotometer. First strand cDNA 

was  synthesized by using Life Technologies’ Superscript II Indirect cDNA Labeling System 
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(Life, Carlsbad, CA ) according to the manufacturer’s instructions. Briefly, each reaction mixture 

contained 2.5µL of 2.5mM dNTP mixture, 5.0µL of 5x reverse transcriptase buffer, 2.0µL of 

0.1M Dithiothreitol (DTT),  0.5µL RNasin (Promega), and 2.0µL random hexamer primers 

(Roche Scientific). The final cDNA concentration was 1.8 µg/µL.  Each sample was heated to 

70°C for five minutes and then 4°C for five minutes in a MJ Research PTC-200 DNA Engine 

(MJ Research Inc. Watertown, MA, USA). At this time reverse transcriptase was added to each 

sample and cycled at 37°C for sixty minutes, 90°C for five minutes, and 4°C for five minutes. 

Samples were stored at -80°C until assayed with real-time RT-PCR. 

Real-Time RT-PCR.  Primers XOR, IL-1β, IFN-γ, IL-6, IL-12p35, iNOS and Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) were designed (Table 1) using Primer3 software (Howard 

Hughes Institute). Each sample was run in triplicate for the XOR and GAPDH primers on a 96-

well plate. GAPDH was selected as a housekeeping gene as no differences in expression patterns 

were expected due to treatment.  A pooled sample, that contains cDNA samples from all 

treatments, was used for both analyses of primer efficiencies. Primers were diluted to 5µM/µL 

concentration in nuclease free water.  A serial dilution was used to obtain a standard curve for 

each primer and the efficiency of each primer was calculated.  Primer efficiencies were 

determined from the slope of the regression line of the log of the cDNA concentrations versus 

the Ct value by the equation E=10
(-1/Slope)

.    The efficiencies were used to calculate the relative 

mRNA abundance using the “efficiency corrected relative expression” equation (Equation 3; 

Pfaffl, 2001). Real time RT-PCR was performed using IQ Sybr Green Supermix (Bio Rad Inc., 

USA) on a Bio Rad CFX 96 Real-Time System (Bio Rad Inc. USA). Each PCR reaction mixture 

contained 10µL IQ Sybr Green Supermix, 3µL diluted cDNA, 1 µL each of the forward and 

reverse primer (diluted to 5µg/µL), and 5 µL of nuclease-free water. Each sample was run in 
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triplicate on a 96 well plate. The PCR reaction cycle was as follows: 95°C for 3 min, 95°C for 15 

sec, 60°C for 30 sec, 70°C for 30 sec. (repeated for 40 cycles) then intervals of 95°C and 60°C 

for 5 min.  

Liver uric acid content. Concentration of UA in liver samples was measured using the technique 

described for cytosolic UA as modified by Settle et al. (2012). Briefly, 0.5g of liver tissue was 

weighed and homogenized in 2 mL of ice-cold 0.1 M TRIS buffer (pH = 7.8) and centrifuged at 

14,000 x g at 4°C for 30 minutes.  Concentrations of UA were analyzed in 40 µL aliquots of the 

supernatant fraction.  

Statistical Analysis. In Experiment 1, the mitochondrial respiration states were analyzed using 

the t-test function of the GraphPad Prism 6 Software (GraphPad Software Inc, CA, USA). Data 

was analyzed as the difference between groups for State 3 respiration and the difference between 

groups for State 4 respiration. State 3 was not compared to State 4. Body weight data, relative 

liver weight, relative heart weight, RCR, and cytosolic uric acid content were analyzed by using 

the t-test function of JMP Software (SAS institute, USA).  

In Experiment 2, the body weights were analyzed as a repeated measures for time by treatment 

effects from 0-7 days for n=10 birds using the MIXED PROC procedure of SAS (SAS Institute) 

to obtain the least-squared means. Tukey’s HSD was used to determine differences between each 

group. Body weights were also analyzed for CON 2 and ALLO 2 birds from 10-14 days as using 

the t-test function and the Wilcoxon/Kruskal-Wallis test of JMP Statistical Software (SAS 

Institute) to determine differences between means.  Liver uric acid content was analyzed using 

the t-test function of JMP Software (SAS Institute). For both studies, significance was defined as 

p≤ 0.05. Statistical significance for gene expression was assessed for each treatment using the t-
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test procedure of the JMP software (SAS institute).   Significance was defined as p≤0.05 as 

compared to the control group of each week. 

 

Results 

Experiment 1 

There was no difference in the initial (p=0.8588) or final body weight (p= 0.1865) of the AL 

bird when compared to birds in the CON group (Table 1). Relative liver weight of the AL group 

did not differ significantly (p=0.688) from the CON group (Table 1). Similarly, there was no 

difference (p= 0.289) between AL birds and CON birds in terms of relative heart weight (Table 

1). 

Cytosolic uric acid concentrations measured in  heart tissue were significantly increased (p= 

0.004) in AL birds as compared to the control (Table 3). However, no differences (p= 0.302) 

were detected in liver cytosolic uric acid concentrations of AL birds when compared to the 

control group (Table 2).  

Mitochondrial respiration was measured for heart and liver tissue. There were no significant 

differences between treatment groups in State 3 (p= 0.829) or State 4 (p= 0.282) in the heart as 

shown in Figure 1A.  There was a significant (p= 0.015) decrease in State 3 respiration in 

mitochondria isolated from the liver tissue of Treated (AL)  birds as compared to control (Figure 

1B). There was also a significant decrease (p= 0.007) in State 4 respiration of Treated (AL) birds 

as compared to the control (Figure 2). RCR was also significantly decreased (p= 0.035) in liver 
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mitochondria of AL birds when compared to the controls (Table 2). This difference was not 

measured in heart tissue of AL birds (p= 0.375) as compared to the control group.   

Experiment 2 

 Body weight (Figure 2) did not differ between CON (n=10) or ALLO (n=10) birds at 

days 0, 3, 6 , or 7 ( P = 0.249; P=  1.00; P= 0.676, P=  0.402 respectively). There was a 

significant decrease in body weight of ALLO 2 birds at day 10 (p= 0.011) and day 14 (p= 0.012) 

of treatment (Table 4). Feed intake, measured by weighing back feeders in each pen, did not 

differ during the 0-7 day period between ALLO 1 birds and CON 1 (193 and 195 g/bird/day 

respectively).  By day 10 and 14 birds in the ALLO 2 group had a reduced feed intake as 

compared to birds in CON 2 (215 and 230 g/day/bird respectively). 

Liver uric acid content was reduced (p= 0.002)  in ALLO 1 birds as compared to CON 1 

after one week of treatment (Table 5).  Liver uric acid was also decreased (p = 0.011) in ALLO 2 

when compared to CON 2 birds (Table 5). Relative liver weight did not differ (p= 0.524) 

between  CON 1 and ALLO 1 groups after one week or between CON 2 and ALLO 2 groups 

(p=0.946) after two weeks (Table 5). 

 After one week of treatment, there were no differences (p= 0.649) between CON 1 and 

ALLO 1 birds in IFN-γ gene expression in liver tissue (Fig. 2A). However, there was a 

numerical increase (p= 0.071) in IL-1β gene expression in the liver of ALLO 1 birds when 

compared to CON 1 (Fig. 3A).  No differences in liver gene expression of IL-12p35 (p= 0.340) 

were observed in ALLO 1 birds as compared to CON1 (Fig. 5A). Similarly, there were no 

differences in iNOS (p= 0.612) between the groups (Figure 6A). No significant changes in IL-6 

(p= 0.752) expression in the liver of ALLO 1 birds were measured after one week of treatment 
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(Fig. 4A). There was no change in expression of XOR (p= 0.118) in ALLO 1 birds as compared 

to CON 1 (Fig. 7A).  

 After two weeks of treatment, however, there was a significant increase (p= 0.0355) in 

gene expression of IFN-γ in the liver tissue of ALLO 2 birds as compared to the control group 

(Fig. 2B).  There was also a significant increase in expression of IL-1β (p= 0.013), and IL-12p35 

(p= 0.028) in ALLO 2 birds as compared to CON 2 birds (Fig 3B and 5B respectively).  

However, there was no change (p= 0.677) in IL-6 expression in the liver tissue between CON 2 

and ALLO 2 birds (Fig. 4B).  There was a numerical trend (p= 0.076) in the expression of iNOS 

in ALLO 2 birds when compared to CON 2 (Fig. 6B).  XOR gene expression was increased (p= 

0.051) in the liver tissue of ALLO 2 birds as compared to the CON 2 group (Fig. 7B). 

Discussion 

Experiment 1 

 In agreement with previous studies (Settle et al, 2012; Carro et al, 2009), there was no 

adverse effect after one week of allopurinol treatment on  body weight as compared to control. 

These results also confirm a study by Lee and Fisher (1972), in which chicks were administered 

allopurinol (750mg/kg feed) from hatch to 28 days and noted no adverse effects on body weight.  

Relative liver weight was not different between CON and AL groups, consistent with Carro et al. 

(2009).   

 Interestingly, mitochondrial State 3 and State 4 respiration was significantly reduced in 

the liver of AL birds. Broilers with pulmonary hypertension syndrome have been shown to have 

a decrease in State 3 and State 4 respiration in heart, liver, and breast tissue, indicative of 

reduced mitochondrial function (Tang et al, 2002, Cawthon et al., 2000).  As anticipated, heart 
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mitochondria did not exhibit differences between treatments in State 3 or State 4. Heart tissue 

acted as a control for the assay as it is not a known target tissue of allopurinol (Pacher et al., 

2006).  

Respiratory control ratio (RCR), another indicator of mitochondrial function in tissues, 

measures the coupling of the electron transport chain (Estabrook, 1967). RCR in the liver was 

significantly reduced in the liver of AL birds (Table 2) which further indicates that allopurinol 

negatively impacts mitochondrial function in young broilers. However, there was no difference 

in RCR of the heart, which indicates that there was no effect of treatment on mitochondrial 

function of the heart. Settle et al. (2012) found that there was a residual toxic effect of 

allopurinol-fed birds in the liver tissue even after removal of allopurinol from the diet for one 

week which contributes to an increase in oxidative damage.  Mitochondrial complexes I and III 

are the primary sources of endogenous ROS and proton leak is greater during disease 

pathogenesis (Chen et al, 2003).  The results suggest that the mitochondrial dysfunction in the 

liver tissue of allopurinol-fed birds and that this is a contributing factor to oxidative damage in 

this tissue.  

Allopurinol at doses of 10-50mg/kg BW inhibits the enzyme XOR thereby inhibiting uric 

acid production, which reduces plasma and tissue uric acid concentrations in broiler chickens 

(Settle et al., 2012;Carro et al., 2009, Simoyi et al., 2002; Klandorf et al., 2001).   Uric acid is 

higher in the cytosol of human cells and concentrations increase when injured cells undergo 

degradation of their RNA and DNA (Shi et al, 2003).   Interestingly, there was a significant 

increase in cytosolic UA in the heart tissue of AL birds as compared to the control birds. Uric 

acid is known to be a potent antioxidant for birds (Simoyi et al, 2002, Stinefelt et al, 2005) and 

ameliorates mitochondrial dysfunction when administered in a combination with Anti-TNF 
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antibody to ob/ob mice (Garcia-Ruiz et al., 2006).  It is possible that the increase in cytosolic uric 

acid results in an enhanced antioxidant protection of the heart tissue, for a reduction in uric acid 

results in an increase in oxidative stress (Klandorf et al., 2001).  Interestingly, there was a tissue-

specific response as this effect was evidenced by the increase in UA in the heart but not in the 

liver. 

Experiment 2 

 In the second study, allopurinol (35mg/kg BW) was administered to broiler chicks over a 

two week period. During the first week of treatment, there were no differences in body weight 

between control and allopurinol-fed birds, consistent with the results found in experiment 1. 

However, by days 10 and 14, there was a significant reduction in body weight of ALLO 2 birds 

compared with CON 2 consistent with previous studies in which a decrease in body weight 

signifies a decline in bird health concomitant with an increase in oxidative stress (Settle et al., 

2012., Carro et al., 2009, Simoyi et al., 2002, Klandorf et al., 2001).   

 Liver uric acid concentrations were markedly reduced in ALLO 1 and ALLO 2 birds as 

compared with CON 1 and CON 2 birds respectively. The rapid response of liver tissue to 

allopurinol is consistent with previous studies where birds fed allopurinol in combination with 

inosine demonstrated a reduction in liver uric acid content (Settle et al., 2012). Interestingly, 

birds that were fed allopurinol for two weeks showed that uric acid remained lower in the liver 

tissue even after terminating allopurinol treatment which suggests that there was a residual toxic 

effect on the liver (Settle et al, 2012).   

 XOR is the enzyme responsible for the production of uric acid in the purine degradation 

pathway.  Carro et al. (2009) reported that XOR activity was increased in liver tissue of birds fed 

allopurinol at a dose of 50mg/kg/ BW and suggested that this response is a compensatory 
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mechanism to maintain UA levels in this tissue. In agreement with this finding, XOR gene 

expression was significantly increased in ALLO 2 birds in a response to the reduced uric acid.  It 

has also been reported that allopurinol can act as both a substrate and an inhibitor of xanthine 

oxidase which indicates a substrate-induced regulation of XOR in the liver (Massey et al., 1970).   

As suggested in previous studies, the increase in xanthine and hypoxanthine concentrations in the 

liver may be responsible for the increase in XOR activity (Lee and Fisher, 1972; Woodward et 

al., 1972; Della-Corte, 1965). In contrast, there was no difference in XOR gene expression 

between CON 1 and ALLO 1 birds despite the decrease in UA concentrations in the liver, which 

suggests that gene expression of XOR is not affected by acute treatment with allopurinol. 

Clearly, there are many factors regulating gene expression of XOR and so future studies need to 

address the dose and duration of treatment in order to ascertain the regulatory mechanisms 

governing this gene.  

 It has been previously reported that there is a negative relationship between plasma uric 

acid concentrations and oxidative stress in broiler chickens such that a decrease in plasma uric 

acid is associated with an increase in oxidative stress (Simoyi et al, 2002; Klandorf et al, 2001).  

Oxidative stress has been associated with inflammation due to activation of inflammatory 

cytokines and transcription factors in a plethora of pathways (Reuter et al., 2010).  In this study, 

IL-1β was numerically up-regulated in ALLO 1 birds, although this was not significant after one 

week of treatment with allopurinol. There were no differences observed in expression of IFN-γ, 

IL-12p35, IL-6, or iNOS in ALLO 1 birds as compared to CON 1. However, after two weeks of 

treatment with allopurinol, ALLO 2 birds showed a marked increase in gene expression of the 

pro-inflammatory cytokine IFN-γ as compared to CON 2. Additionally, IL-1β and IL-12p35 

gene expression were also up-regulated in ALLO 2 birds. Notably, there was a numerical 
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increase in iNOS gene expression in ALLO 2 birds, however, this was not significant. Activation 

of iNOS by IFN-γ results in the production of nitric oxide which can be directly linked to 

inflammation (Guzik et al, 2003). It is possible that a study of longer duration would reveal an 

increase iNOS production.   As in birds fed allopurinol for one week, there was no change in IL-

6 gene expression after two weeks of treatment with allopurinol. IL- 6 has been reported to 

function as both a pro-inflammatory cytokine as well as an anti-inflammatory myokine, remains 

unchanged in some primary infection responses (Hong et al., 2006). After one week of treatment, 

IL-1β is numerically increased, suggesting that the inflammation process has been initiated at 

this time as birds in ALLO 2 demonstrated a further increase after two weeks. Collectively, the 

increase in expression of the IFN-γ, IL-1β, and IL-12p35 inflammatory cytokines in the liver 

after two weeks of treatment with allopurinol can be interpreted as an increase in inflammation 

of this tissue. In previous studies it has been suggested that allopurinol exerts a toxic effect on 

hawks exhibiting hyperuricemia which was attributed to the increase in oxypurinol, the 

nephrotoxic endproduct of allopurinol (Lumeij et al., 1998). In a second study in rats 

demonstrated that doses ranging from 3-100 mg/kg BW are toxic in liver tissue (Suzuki et al., 

1984). Although, allopurinol has been reported as “safe” for long-term treatment in humans 

(Rundles, 1985), the dose used in our study demonstrates a pronounced adverse effect with the 

result that inflammation is up-regulated over time and treatment. Further, the decrease in 

protection by uric acid in this tissue potentially increases the susceptibility of the liver to 

oxidative damage and inflammation ultimately leading to a decline in health of the bird. Based 

on these data, it can be inferred that a reduction in uric acid concentrations in the liver can 

generate a pro-inflammatory response in liver tissue indicating the importance of antioxidant 

defense by uric acid. 
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 In conclusion, these studies show that a reduction in uric acid after one week of treatment 

with allopurinol results in mitochondrial dysfunction in the liver tissue as indicated by the 

reduction in mitochondrial respiration states. After two weeks of treatment with allopurinol, liver 

tissue UA is chronically depressed which increases susceptibility to oxidative stress due to the 

inverse relationship that UA has with oxidative stress. Furthermore, in response to the reduction 

of uric acid concentrations in the liver, there is a compensatory up regulation of XOR gene 

expression, which is suggested to maintain antioxidant protection by UA. Further studies are 

required to investigate how XOR is regulated. The chronic reduction of UA in the liver also 

results in an increase in the expression of selected inflammatory cytokines which leads to the 

expression of the inflammatory state.  
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Figure 1 A. State 3 and State 4 Respiration measured in isolated mitochondria from heart or 

liver tissue of broilers (n=6/group). Treated birds were administered allopurinol at 35mg/kg BW 

for one week. Data is represented as the comparison of Treated State 3 compared to Control 

State 3 and the Treated State 4 compared to the Control State 4. Error bars represent the standard 

error of the mean.  1B. State 3 and State 4 Respiration measured in isolated mitochondria from 

liver tissue of broilers (n=6/group). Data is represented as the comparison of Treated State 3 

compared to Control State 3 as denoted by A,B and the Treated State 4 compared to the Control 

State 4 as denoted by a,b. Error bars represent the standard error of the mean.  Significance is 

defined as p≤ 0.05 

Figure 2A . IFN-γ gene expression in broiler liver tissue. ALLO 1 birds (n=5) were administered 

35mg/kg BW allopurinol in feed for one week. CON 1 (n=5) were maintained on a commercial 

diet. Gene expression is represented as the mean ±SEM for each treatment. *denotes a significant 

difference as compared to CON 1. Significance is defined as p≤ 0.05. Figure 2B. IFN-γ gene 

expression in broiler liver tissue. ALLO 2 birds (n=5) were administered 35mg/kg BW 

allopurinol in feed for 2 weeks. CON 2 (n=5) were maintained on a commercial diet. Gene 

expression is represented as the mean ±SEM for each treatment. *denotes a significant difference 

as compared to CON 1. Significance is defined as p≤ 0.05. 

Figure 3A. IL 1-β  gene expression in broiler liver tissue. ALLO 1 birds (n=5) were 

administered 35mg/kg BW allopurinol in feed for one week. CON 1 (n=5) were maintained on a 

commercial diet. Gene expression is represented as the mean ±SEM for each treatment. *denotes 

a significant difference as compared to CON 1. Significance is defined as p≤ 0.05. Figure 3B. 

IL-1β gene expression in broiler liver tissue. ALLO 2 birds (n=5) were administered 35mg/kg 

BW allopurinol in feed for 2 weeks. CON 2 (n=5) were maintained on a commercial diet. Gene 

expression is represented as the mean ±SEM for each treatment. *denotes a significant difference 

as compared to CON 1. Significance is defined as p≤ 0.05. 

Figure 4A . IL-6 gene expression in broiler liver tissue. ALLO 1 birds (n=5) were administered 

35mg/kg BW allopurinol in feed for one week. CON 1 (n=5) were maintained on a commercial 

diet. Gene expression is represented as the mean ±SEM for each treatment. *denotes a significant 

difference as compared to CON 1. Significance is defined as p≤ 0.05. Figure 4B.  IL-6 gene 

expression in broiler liver tissue. ALLO 2 birds (n=5) were administered 35mg/kg BW 

allopurinol in feed for 2 weeks. CON 2 (n=5) were maintained on a commercial diet. Gene 

expression is represented as the mean ±SEM for each treatment. *denotes a significant difference 

as compared to CON 1. Significance is defined as p≤ 0.05. 

Figure 5A. IL-12p35 gene expression in broiler liver tissue. ALLO 1 birds (n=5) were 

administered 35mg/kg BW allopurinol in feed for one week. CON 1 (n=5) were maintained on a 

commercial diet. Gene expression is represented as the mean ±SEM for each treatment. *denotes 

a significant difference as compared to CON 1. Significance is defined as p≤ 0.05. Figure 5B. 

IL-12 p35 gene expression in broiler liver tissue. ALLO 2 birds (n=5) were administered 
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35mg/kg BW allopurinol in feed for 2 weeks. CON 2 (n=5) were maintained on a commercial 

diet. Gene expression is represented as the mean.Error bars are SEM for each treatment. 

*denotes a significant difference as compared to CON 1. Significance is defined as p≤ 0.05. 

Figure 6A. iNOS gene expression in broiler liver tissue. ALLO 1 birds (n=5) were administered 

35mg/kg BW allopurinol in feed for one week. CON 1 (n=5) were maintained on a commercial 

diet. Gene expression is represented as the mean ±SEM for each treatment. *denotes a significant 

difference as compared to CON 1. Significance is defined as p≤ 0.05. Figure 6B. iNOS gene 

expression in broiler liver tissue. ALLO 2 birds (n=5) were administered 35mg/kg BW 

allopurinol in feed for 2 weeks. CON 2 (n=5) were maintained on a commercial diet. Gene 

expression is represented as the mean ±SEM for each treatment. *denotes a significant difference 

as compared to CON 1. Significance is defined as p≤ 0.05. 

Figure 7A. XOR gene expression in broiler liver tissue. ALLO 1 birds (n=5) were administered 

35mg/kg BW allopurinol in feed for one week. CON 1 (n=5) were maintained on a commercial 

diet. Gene expression is represented as the mean ±SEM for each treatment. *denotes a significant 

difference as compared to CON 1. Significance is defined as p≤ 0.05. Figure 7B. XOR gene 

expression in broiler liver tissue. ALLO 2 birds (n=5) were administered 35mg/kg BW 

allopurinol in feed for 2 weeks. CON 2 (n=5) were maintained on a commercial diet. Gene 

expression is represented as the mean ±SEM for each treatment. *denotes a significant difference 

as compared to CON 1. Significance is defined as p≤ 0.05. 
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Figure 1 
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Table 1 

Experiment 1. Effects of experimental treatments (CON: 0; AL 35mg/kg BW) and body weight 

(BW) and relative liver weight, and relative heart weight in broilers (n=6) 

   Relative Weight (%) 

Treatment Initial BW (kg) Final BW (kg)  Liver Heart 

CON (control) 0.973± 0.060 1.421± 0.219  2.55± 0.124 0.622± 0.019 

AL (treated) 0.956± 0.071 1.273± 0.220  2.44± 0.172 0.637± 0.016 

P =  0.429 0.907  0.688 0.289 
 

a, b
 For each variable, means within a column lacking a common superscript differ (P<0.05). 

Data are represented as the parameter ± SEM 

SEM: standard error of the mean. 
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Table 2 

Experiment 1. Effects of experimental treatments (CON: 0; AL 35mg/kg BW on respiratory 

control ratio (RCR) measured as the ratio between the slope of  State 3 to State 4 and Cytosolic 

uric acid content in broilers (n=6) 

   Cytosolic Uric Acid (mg/dL) 

Treatment Liver RCR Heart RCR  Liver Heart 

CON(control) 10.68 ±  2.61 6.23 ± 0.83  2.772± 0.59 0.553±0.09 

AL (treated) 4.65 ± 0 .90* 4.76 ± 1.32  3.07± 0 .23 0.943±0.08* 

P =  0.035 0.375  0.298 0.004 
 

*
 For each variable, means within a column lacking a common superscript differ from CON 

birds (P<0.05). 

Data are represented as the parameter ± SEM 

SEM: standard error of the mean. 
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Table 3. Primer sets. Primers are arranged 5’ to 3’ with forward and reverse sequences for each 

gene used in Experiment 2. 

 

Primer  Forward 5' to 3' Reverse 5' to 3' 

XOR CTGCAGGATGCCTGCCGCTT GCATGGGCTTGGGTGCTGGT 

IFN-Gamma GTGGTGAGCTTCTGGCAGAG GCTTGCAGGCTGACGGTAA 

IL1-B GCATCAAGGGCTACAAGCTC CAGGCGGTAGAAGATGAAGC 

IL-6 CTCCTCGCCAATCTGAAGTC CCCTCACGGTCTTCTCCATA 

IL-12p35 GCCCCGTACTGGAAAGTTCT GGATGTCAGCACCCTCAGAT 

iNOS CCTTTCAACGGCTGGTACAT CCAGTCCCATTCTTCTTCCA 

GAPDH GACGTGCAGGAACACTA CTTGGACTTTGCCAGAGAGG 
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Table 4 

Experiment 2. Effects of experimental treatments on body weight in CON and ALLO   broilers 

(n=10) for Days 0-7 and CON 2 and ALLO 2  broilers (n=5) on Day 10 and 14  

 Body weight (kg)   

Item Day 0 Day 3 Day 6 Day 7  Day 10  Day 14  

CON  2 

 

0.80±0.01 1.31± 0.03 1.51±0.04 1.81± 0.05  2.19± 0.08   2.43±0.05 

ALLO  2 0.83±0.02 1.30± 0.033   1.59±0.04 1.72± 0.05 
 

1.95± 0.04
* 

2.12±0.09
* 

P-Value 0.249 1.00 0.676 0.402  0.011 0.012 

        
        *

 Within a column, means differ from CON 2 (P<0.05). 

 Data is represented as average BW± SEM: standard error of the mean 

 



98 
 

 

Table 5 

Experiment 2. Effects of experimental treatments on relative liver weight (Liver weight: body 

weight) and uric acid concentration in the liver of broilers (n=5 per treatment). CON 1 and 

ALLO 1 birds (n=5) euthanized on Day 7. CON 2 and ALLO 2 birds (n=5) were euthanized on 

Day 14. 

  
Uric acid 

 

Item 

  

 Relative Liver 
Weight (%) 

mg/g wet tissue total mg in the liver 

CON 1 2.281 0.113± 0.008 4.72± 1.09 

ALLO 1 2.298 0.036± 0.012* 1.39± 1.64 * 

P Value 0.524 0.0013 .0027 

CON 2 45.6 0.131± 0.026 5.90± 1.13 

ALLO 2 42.8 0.028± 0.008* 1.23± 0.39* 

P Value 0.946 0.0134 0.0115 
 

*
 Within a column, means differ between CON 1 and ALLO 1 or CON 2 and ALLO 2(P<0.05). 

Data was analysed using t-test in JMP software (SAS Institute) 

 Data is represented at  ± SEM: standard error of the mean. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

(A) 
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Figure 6 

(A). 

 

 (B) 
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Figure 7 
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CONCLUSIONS AND FUTURE STUDIES 

Based on the literature a decrease in uric acid concentrations in the plasma resulted in a 

subsequent increase in oxidative stress in broiler chickens. However, mitochondrial function in 

select tissues has not been clearly assessed for broilers outside of a pathogenic state. Our 

research has shown that mitochondrial function in liver tissue may be compromised when 

antioxidant protection by uric acid is reduced after one week of treatment with allopurinol.  

However, more research is required in the area to ascertain the mechanisms involved and if there 

are tissue differences.  There may be differences in mitochondrial ROS production and function 

in tissues of  poultry as compared to other avian species. It would be essential to establish 

respiration, RCR, and other indices of function over the normal production span of poultry 

species to provide a reference for disease states and other studies in which physiological 

response may be altered.   Our hypothesis was that an allopurinol-induced oxidative stress model 

will exhibit mitochondrial dysfunction due to an increase in inflammation as well as a 

compensatory up-regulation of XOR in response to reduced UA. Our lab has established that 

after two weeks of treatment with allopurinol, there are significant increases in some 

inflammatory cytokines as well as XOR, however more research will be needed to establish this 

effect as a causation of mitochondrial dysfunction and ultimately a decline in health of the birds. 

The model for this research has been the broiler chicken. However, it would be of interest to 

explore these mechanisms in laying hen populations over time. Literature searches indicate that 

there are distinct differences in immune response of laying hens and broilers with respect to 

inflammation. The question remains if there are differences seen when production cycles are 

considered normal versus when uric acid is altered in laying hens. This will help to establish 

mechanisms that govern antioxidant protection in comparison studies between different 

production birds.  
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Lastly, subpopulations of mitochondria have been determined for rodent cardiac tissue. It 

is unknown whether these exist in the avian heart or in other tissues. Subpopulations can be 

isolated in both broiler and laying hen heart tissue and could function differently dependent upon 

oxidative stress situations versus a bird not undergoing oxidative stress. Therefore, it would be 

pertinent to explore this concept in both varieties of production poultry.  
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Appendix 1. Schematic of Role of Uric Acid as an Antioxidant. 

 

Figure 1. Schematic of the relationship of uric acid to Inflammation, Mitochondrial Function, 

and Oxidative Damage. When Uric acid is reduced, our studies have demonstrated an increase in 

inflammation and a propensity toward mitochondrial dysfunction leading to an increase in ROS 

production and ultimately, oxidative damage. Oxidative damage can initiate further 

inflammatory processes.  
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Appendix 2: Starter diet. Formulated manufactured at West Virginia University Animal 

and Veterinary Science Farm by Dr. Joseph Moritz. Fed to chicks 0-14 days of age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Supplied per kg of diet: manganese, 0.02%; zinc,0.02%; iron, 0.01%; copper, 0.0025%; iodine, 0.0003%; 

selenium, 0.00003%; folic acid, 0.69mg; choline 386mg; riboflavin, 6.61mg; biotin 0.03mg; vitaminB6 

1.38mg; niacin, 27.56; pantothenic acid, 6.61mg; thiamine,2.20mg; manadione, 0.83mg; vitamin B12 

0.01mg; Vitamin E, 16.53 IU; Vitamin D3, 2133 IU; Vitamin A, 7716 IU 

2 Active drug ingredient Monensin Sodium 60 gpb (90 g/ton inclusion)- Elanco Animal Health, 

Indianapolis, IN. Aids in the prevention of coccidiosis caused by Eimeria sp.  

 

  

Ingredients Amount  Inclusion (%) 

Corn 62.92 

SBM 32.20 

Defl. Phosophorous 1.53 

Meat and Bone Meal 1.35 

SB oil 0.50 

Limestone 0.50 

Methionine 0.26 

NB30001 0.25 

Salt 0.24 

Lysine 0.20 

Coban2 0.08 

Threonine 0.04 

Calculated Values  

Crude Protein (%) 21.54 

Crude Fat (%) 3.04 

Calcium (%) 0.91 

Phosphorous (%) 0.72 
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Appendix 3: Grower diet. Formulated manufactured at West Virginia University Animal 

and Veterinary Science Farm by Dr. Joseph Moritz. Fed to chicks 14-42 days of age . 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Supplied per kg of diet: manganese, 0.02%; zinc,0.02%; iron, 0.01%; copper, 0.0025%; iodine, 0.0003%; 

selenium, 0.00003%; folic acid, 0.69mg; choline 386mg; riboflavin, 6.61mg; biotin 0.03mg; vitaminB6 

1.38mg; niacin, 27.56; pantothenic acid, 6.61mg; thiamine,2.20mg; manadione, 0.83mg; vitamin B12 

0.01mg; Vitamin E, 16.53 IU; Vitamin D3, 2133 IU; Vitamin A, 7716 IU 

2 Active drug ingredient Monensin Sodium 60 gpb (90 g/ton inclusion)- Elanco Animal Health, 

Indianapolis, IN. Aids in the prevention of coccidiosis caused by Eimeria sp.  

 

 

 

 

Ingredients Amount inclusion (%) 

Corn 69.51 

SBM 26.58 

Defl. Phosophorous 1.72 

Meat and Bone Meal 0 

SB oil 0.50 

Limestone 0.55 

Methionine 0.28 

NB30001 0.20 

Salt 0.16 

Lysine 0.29 

Coban2 0.08 

Threonine 0.08 

Calculated Values  

Crude Protein (%) 18.81 

Crude Fat (%) 3.08 

Calcium (%) 0.89 

Phosphorous (%) 0.68 

  

  


