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ABSTRACT 

Hyperbilirubinemia is a clinical condition characterized by elevated levels of 

bilirubin in the blood due to failure in its transport, conjugation, and excretion. 

Among the current methods of treatment, phototherapy is the accepted and widely 

used method for the management of hyperbilirubinemia. This process has some 

limitations due to prolonged exposure time, slow rate of recovery, and chances of 

rebinding of bilirubin to albumin. The present study was, therefore, planned to 

investigate a new method of bilirubin clearance by the use of low-dose gamma 

irradiation.  

In the first phase of the study, induction of hyperbilirubinemia in experimental 

rabbits by phenyl hydrazine was optimized in terms of dose, number of doses and 

dose interval using response surface methodology. A 3-factorial Central Composite 

Design was employed using five levels for each of the three input variables. The 

degree of hyperbilirubinemia was measured in terms of elevation in bilirubin level in 

serum of the experimental rabbits. A dose dependent significant elevation (p<0.05) in 

serum total bilirubin level was observed after PH treatment. Optimum levels of 

phenyl hydrazine dose, total number of doses and a dose interval to achieve maximum 

elevation in serum total bilirubin (4.06 mg dL
−1

) were found to be 11.56 mg kg
−1

 body 

weight, 8 and 24.65 h, respectively. 

In the second phase of the study, hyperbilirubinemia was induced in rabbits 

using phenyl hydrazine at optimum levels of induction variables (Total serum 

bilirubin: 2.94-4.057 mg dL
-1

) followed by the treatment with UV light, Cichorium 

intybus leaf extract, and gamma radiation. Each of the treatments methods showed a 

significant (p<0.05) dose-dependent increase in total serum bilirubin clearance from 

the animal body. The dose dependent clearance of hyperbilirubinemia was found to be 

comparatively highest (32-75%) in gamma irradiation followed by UV treatment (27-

56%) and lowest in herbal treatment (28-32%).  

The sera obtained from the control and gamma irradiated rabbits were also 

analyzed for liver function enzyme including Glutamate pyruvate transaminase, 

Glutamate oxaloacetate transaminase and alkaline phosphatase and hematological 

parameters including hemoglobin level, and red blood cells, total leukocyte and 

platelet count. The observed values of hematological parameters and enzymes level of 

the control group before and after gamma irradiation were found to be in normal 

ranges. However, the phenyl hydrazine treatment resulted in a decrease in 
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hematological parameters and an increase in the level of liver function enzymes in 

hyperbilirubinemic rabbits which were found to be recovered to normal after gamma 

irradiation. 

In the third phase of the study, HPLC analysis of bilirubin solution showed a 

dose dependent exponential decrease in concentration of bilirubin and an increase in 

its in vitro gamma degradation products. The HPLC analysis of chloroform extracts of 

sera obtained from the gamma irradiated rabbits also showed a dose dependent 

exponential decrease in concentration of bilirubin and an increase in its in vivo 

gamma radiolysis products. The developed HPLC method was found to be accurate 

and precise with good signs of reproducibility and repeatability. 

In conclusion, the study provides the optimum conditions for induction of 

hyperbilirubinemia and a fast, secure and more reliable method of treatment of 

hyperbilirubinemia by the use of low-dose gamma radiation. The study also provides 

a validated HPLC method for the determination of bilirubin and its degradation 

products. However, the identification of the observed degradation products of 

bilirubin still needs to be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

Contents 

Dedication           i 

Declaration          ii 

Certificate          iii 

Acknowledgement         iv 

Abstract          v 

Contents          vii 

Tables           x 

Figures           xi 

Abbreviations          xiv 

1. INTRODUCTION        1-28 

1.1. General         1 

1.2. Bilirubin Metabolism        2 

1.2.1. Structural aspects of bilirubin     2 

1.2.2. Bilirubin synthesis and excretion     2 

1.2.3. Hyperbilirubinemia and jaundice     10 

1.2.3.1. Neonatal jaundice     12 

1.2.3.2. Breast milk jaundice     12 

1.2.3.3. Drugs induced jaundice    13 

1.2.3.4. Familial non-hemolytic jaundice   14 

1.2.4. Genetic causes of hyperbilirubinemia    14 

1.2.4.1. Disorders of hepatocellular uptake and  

conjugation of bilirubin    15 

1.2.4.2. Disorders of hepatocellular reuptake of direct  

bilirubin       16 

1.2.4.3. Disorders of canalicular clearance of bilirubin 18 

1.2.4.4. Dual Hereditary Jaundice    28 

1.3. Bilirubin Toxicity       18 

1.4. Potential Beneficial of Bilirubin      19 

1.5. Treatment of Hyperbilirubinemia      20 

1.5.1. Phototherapy       20 

1.5.2. Chemical treatment       21 

1.5.3. Herbal treatment      22 

1.5.4. Exchange transfusion      22 



viii 
 

1.5.5. Liver transplant       22 

1.5.6. Gene therapy       23 

1.5.7. Recent advancements in treatment of hyperbilirubinemia 23 

1.6. Animal Models to Study Hyperbilirubinemia    24 

1.7. Induction of Hyperbilirubinemia      24 

1.8. Methods for Determination of Bilirubin     25 

1.8.1. Diazo method       25 

1.8.2. Peroxide method      25 

1.8.3. Bilirubin oxidase method     26 

1.8.4. Light absorption method     26 

1.8.5. Non-invasive method      27 

1.8.6. High performance liquid chromatographic (HPLC) method 27 

1.9. Objectives of the Study       28 

2. LITERATURE REVIEW       29-41 

3. EXPERIMENTAL        42-64 

3.1. Chemicals and Reagents       42 

3.2. Equipment        43 

3.3. Animals         44 

3.4. Experimental Design       44

 3.5. Induction of Hyperbilirubinemia      48 

3.5.1. Screening of inducers       48 

3.5.2. Preliminary screening of tolerable dose of phenyl hydrazine 49 

3.5.3. Optimization of phenyl hydrazine based induction 

of hyperbilirubinemia      49 

3.6. Treatment of Hyperbilirubinemia     50 

3.6.1. UV-Treatment       50 

3.6.2. Herbal treatment      52 

3.6.2.1. Preparation of Cichorium intybus leaf extracts 52 

3.6.2.2. Treatment protocol     52 

3.6.3. Gamma irradiation      52 

3.7. Blood Sampling        54 

3.8 Biochemical and Hematological Analysis    54 

3.8.1. Biochemical parameters     54 

 3.8.1.1. Serum bilirubin     54 



ix 
 

3.8.1.2. Liver function enzymes    56 

3.8.2. Hematological parameters     60 

3.9. High Performance Liquid Chromatographic analysis of bilirubin  

and its degradation products      60 

3.9.1. Development and validation of HPLC method   60 

3.9.2. Selection of mobile phase     63 

3.9.3. HPLC of bilirubin      63 

3.9.3.1. Preparation of standard solutions   63 

3.9.3.2. Preparation of serum bilirubin extracts  63 

3.9.3.3. Identification of peaks by spiking   64 

3.10. Statistical analysis       64 

4. RESULTS AND DISCUSSION      65-111 

4.1. Induction of Hyperbilirubinemia      65 

4.2. Tolerable Dose of Phenyl Hydrazine     66 

4.3. Response Surface Analysis and Optimization     72 

4.4. Treatment and Clearance of Hyperbilirubinemia    77 

4.5. Liver Function Enzymes       82 

4.6. Hematological Parameters      85 

4.7. High Performance Liquid Chromatography (HPLC) of Bilirubin  

and its Degradation Products      88 

4.7.1. Development and validation of an HPLC method   88 

4.7.2. Bilirubin and biliverdin assay     88 

4.7.3. Validation of HPLC method     98 

4.7.4. Analysis of gamma irradiated solution of bilirubin   98 

4.7.5. Analysis of gamma irradiated serum spiked with bilirubin 99 

4.7.6. Analysis of sera of gamma irradiated rabbit   99 

4.8. Conclusion        112 

4.9. Future work        113 

5. REFERENCES        114-127 

Appendix-I          128 

Publications          129 

 

 

 



x 
 

Tables 

Table 3.1  Experimental details of various phases of the study   46 

Table 3.2  Coded and actual levels of independent variables as per chosen by 

central  composite design      51 

Table 4.1  Selection of tolerable dose of phenyl hydrazine   68 

Table 4.2  Experimental values of STB and SDB before and after treatment  

with PH at various levels of independent variables as per selected  

by CCD        73 

Table 4.3 Analysis of variance (ANOVA) in TSB level in response to input  

variables         74 

Table 4.4  Optimum levels of independent variables where the desired level  

of the response variables is predicted to be achieved   76 

Table 4.5  Bilirubin clearance and serum total bilirubin level of study groups 

subjected to UV-treatment      78 

Table 4.6 Bilirubin clearance and serum total bilirubin level of study groups 

subjected to herbal treatment      79 

Table 4.7  Bilirubin clearance and serum total bilirubin level of study groups 

 subjected to gamma irradiation     80 

Table 4.8  Liver function enzymes levels of control, hyperbilirubinemic and  

gamma irradiated groups of animals     83 

Table 4.9  Hematological parameters of control, hyperbilrubinemic and  

gamma irradiated groups of animals     86 

Table 4.10  Selection mobile phase composition, flow rate and temperature  

on the basis of performance      90 

Table 4.11  Chromatographic parameters of standards substances.  97 

Table 4.12  Parameters for validation of the HPLC method developed  

for determination of bilirubin and its degradation products  102 

Table 4.13  Chromatographic parameters of bilirubin and its degradation  

products in gamma irradiated bilirubin samples   104  

Table 4.14  Chromatographic parameters of bilirubin and its degradation  

products in sera obtained from control and gamma  

irradiated hyperbilirubinemic rabbits     109 

 

 



xi 
 

Figures 

Figure 1.1  Structure of hydrogen bonded and bilirubin and its photo isomers 3 

Figure 1.2  Normal route of bilirubin metabolism    5 

Figure 1.3  Metabolic degradation of hem into bilirubin    6 

Figure 1.4  Hepatocellular conjugation of bilirubin and formation of  

bilirubin glucuronide        8 

Figure 1.5  Hepatocellular uptake, conjugation and excretion of bilirubin 9 

Figure 1.6   Genetic disorders of bilirubin metabolism    17 

Figure 3.1   Scheme of study        45 

Figure 3.2  Gamma irradiation of experimental rabbits    53 

Figure 3.3  Standard curve of bilirubin      57 

Figure 4.1  Bilirubin levels of animals before and after treatment with inducers  

of hyperbilirubinemia       66 

Figure  4.2 Dose dependent response of (a) Total serum bilirubin (TSB) and  

direct bilirubin (DB) level, and (b) Erythrocyte count and  

hemoglobin level of phenyl hydrazine treated animals.  71 

Figure 4.3  a-c) 3D response surface plots of elevation in total serum bilirubin  

level in response to variation in phenyl hydrazine dose, total  

number of doses and dose interval d) Correlation between  

the experimental and predicted values of total serum bilirubin  

levels (mg dl
−1

) at selected levels of phenyl hydrazine dose,  

number of doses and dose interval.      75 

Figure 4.4  Clearance of serum total bilirubin (STB) in hyperbiirubinemic  

rabbits in response to a) UV rays exposure time, b) gamma 

 radiation dose and c) C. intybus extract dose    81 

Figure 4.5  Response of liver function enzymes of control and  

hyperbilirubinemic rabbits to gamma radiation dose   84 

Figure 4.6  Response of hematological parameters of control and 

hyperbilirubinemic rabbits to gamma radiation dose   87 

Figure 4.7  UV-visible spectra of bilirubin, biliverdin and their mixture  92 

Figure 4.8  Baseline of mobile phase at 400 nm wavelength   93 

Figure  4.9  Typical chromatograms of a) Bilirubin, b) biliverdin, c) vanillin  

d) mixture of bilirubin and vanillin, e) mixture of bilirubin  

and biliverdin and f) mixture of bilirubin, biliverdin and vanillin 95 



xii 
 

Figure 4.10  Chromatograms for standard peaks the confirmation of standard  

peaks by dilution and spiking a-c) dilution of bilirubin  

d-f) spiking with bilirubin, g-i) spiking with biliverdin  96 

Figure 4.11  Linearity curves of standards: a) and b) bilirubin and c) and d)  

biliverdin         101 

Figure 4.12  HPLC chromatograms of bilirubin solution in chloroform  

irradiated with various doses of gamma radiation:  

a) 0, b) 20, c) 40, d) 60, e) 80 and f) 100 cGy   103 

Figure 4.13  Dose dependent variation in concentration of bilirubin, biliverdin  

and other degradation products of gamma irradiated bilirubin  

solution: a) Bilirubin, b) Biliverdin c) UKP-1, d) UKP-2 e) UKP-3  

and f) UKP-4        106 

Figure 4.14  HPLC chromatograms of serum a) control, b) spiked with bilirubin,  

c) control treated with gamma radiation and d) treated with  

gamma radiation after spiking     107 

Figure 4.15  HPLC of serum obtained from animals irradiated with various  

doses of gamma radiation:  

a) 0, b) 20, c) 40, d) 60, e) 80 and f) 100 cGy   108 

Figure 4.16  Figure 4.16 Dose dependent responses of bilirubin and its  

gamma radiolysis products in serum obtained from gamma  

irradiated rabbits: a) bilirubin, b) biliverdin, UKP-1, d)  

UKP-2 e) UKP-3 and f) UKP-4     111 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

Abbreviations 

AA  Ammonium acetate 

ABC  ATP-binding protein 

ALA  Alpha aminolevulinic acid 

ALP  Alkaline phosphatase 

ALT  Alanine aminotransferase 

ANG   Angiotensin  

AST  Aspartate aminotransferase 

ATP  Adenosine triphosphate  

BCRP   Breast cancer resistance protein 

BDG  Bilirubin diglucuronide 

BED  β-Estradiol 

BLVRA Biliverdin reductase A 

BMG  Bilirubin monoglucuronide 

BSEP  Bile salt export pump 

cAMP  Cyclic adenosine monophosphate  

CBC  Complete blood count 

CCD  Central composite design 

CNS   Crigler Najjar syndrome 

CV   Coefficient of variation 

CYP  Cytochrome  

DB  Direct bilirubin 

DEA  Diethyl amine 

DJS  Dubin Johnson syndrome 

EBD  External biliary drainage 

ER  Endoplasmic reticulum 

G6PD  Glucose-6-phosphate dehydrogenase 

GS  Gilbert’s syndrome  

GST   Glutathione-S-transferase 

HMOX Hem oxygenase 

HO  Hem oxygenase 

IBD  Intra-intestinal biliary drainage 

LDH  Lactate dehydrogenase 

LOD  Limit of detection 



xiv 
 

LOQ  Limit of quantification 

MDH  Malate dehydrogenase 

MRP  Multidrug resistance protein 

NADH  Nicotinamide adenine dinucleotide 

NADPH Adenine dinucleotide phosphate 

NRF  Nuclear factor 

NTCP  Na
+
/Taurocholate co-transporting protein 

OATP  Organic anion transporter polypeptides 

PGC  Peroxisome proliferator-activated receptor 

PH  Phenyl hydrazine  

PHT  phenyl hydrazine treatment 

RS  Roter’s syndrome  

RSM  Response surface methodology 

SDB  Serum Direct bilirubin 

SLCO  Solute carrier organinc anion  

STB  Serum total bilirubin 

TCA  Tricarboxylic acid 

TLC  Total leukocyte  

UB  Unconjugated bilirubin 

UDCA  Ursodeoxycholic acid  

UDP   Uridine diphosphate 

UDPGA UDP-Glucuronic acid 

UGT  Uridine diphosphate-Glucuronosyl transferase 

UKP  Unknown peak 

UV   Ultraviolet  

 

 

 



1 
 

1. INTRODUCTION 

1.1. General 

Bilirubin is a bile pigment produced in animal body through a natural 

hemolytic process. In free form it is insoluble in water. It gets associated with albumin 

in blood and is transported to liver where it undergoes the process of conjugation with 

glucuronic acid catalyzed by uridine diphosphate-glucuronosyl transferase (UDPGT). 

The conjugated bilirubin, generally known as direct bilirubin, is soluble in water and 

excreted through bile into small intestine and finally in feces. Excess hemolysis, 

abnormal hepatic uptake of unconjugated bilirubin, abnormalities in conjugation 

process in hepatitis and liver cirrhosis and obstruction in the biliary excretion of 

conjugated bilirubin are responsible for elevation in serum bilirubin level, a clinical 

condition known as hyperbilirubinemia. Being insoluble in water, unconjugated 

bilirubin gets deposited in adipose tissues resulting in a physiological condition 

known as jaundice (Porter and Dennis 2002; Jansen and Bittar 2004; Roy-Chowdhury 

et al. 2008; Bertini and Dani 2012; Lee et al. 2013; Levitt and Levitt 2014; Wolkoff 

2014).  

In human an extreme hyperbilirubinemia may lead to the development of free 

bilirubin, which may cross the blood-brain barrier, enter into and damage the basal 

nuclei of brain. It result in an irreversible bilirubin induced brain damage termed as 

kernicterus which must be managed immediately (Dani et al. 2004; Kaplan and 

Hammerman 2005). The proper clearance of bilirubin from the body requires the 

conversion of water insoluble bilirubin to water soluble one. It is, therefore, necessary 

to transform unconjugated bilirubin into excretable products for proper management 

of hyperbilirubinemia. Phototherapy involving photo degradation of bilirubin by UV 

radiation is the most commonly used method for treatment of this condition. The 

exposure to sunlight or UV radiation results in the photo isomerization of bilirubin 

molecule by breaking the intramolecular hydrogen bonds which make it excretable 

through bile (Hohenauer et al. 1976; Atkinson et al. 2003; Rehak et al. 2008). 

However, the recovery process is slow, requires a long exposure time and must be 

discontinued during feeding. There are chances of rebinding of bilirubin after 

phototherapy (Bansal et al. 2010). It is, therefore, desirable to find a rapid and more 

efficient method for the management of hyperbilirubinemia.  

An ever first study demonstrating the in vitro degradation of bilirubin to 

biliverdin (an excretable product) by gamma irradiation was reported by Iqbal et al. 
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(Iqbal et al. 2001) followed by others which verified these results (Pillay and Salih 

2003; Salih and Pillay 2004a, 2004b, 2005). This in vitro study could not be extended 

to in vivo experiments due to non-availability of suitable animal models. The only 

animal model available at that was rats (Joshi et al. 1995; Rice and Shapiro 2008; 

Vera et al. 2009) which being too small to conduct sequential multiple 

experimentation could not be used. The objective of this study was to develop a 

suitable method which can be used to study the effect of gamma irradiation or any 

other agent to degrade bilirubin to excretable (water soluble) products. Rabbit being 

bigger, easy to handle and suitable for blood sampling spread over several weeks, was 

considered the most suitable animal model for the purpose.  

1.2. Bilirubin Metabolism  

1.2.1. Structural aspects of bilirubin 

The bilirubin molecule contains four pyrrole rings linked by three carbon 

bridges (β, γ and δ) in a conjugated manner. Each of the terminal pyrrole rings 

contains a carbonyl group, a methyl group and a vinyl residue while the internal 

pyrrole rings contain propionic acid residues instead of vinyl residues. Bilirubin 

contains six intramolecular hydrogen bonds formed between the nitrogen atoms of 

pyrrole rings and the carboxylic groups of propionic acid side chains (Brown et al. 

2001; Fedorova et al. 2011). The hydrogen bonded form of bilirubin, structurally 

known as ZZ-bilirubin, is water insoluble.  Photo-oxidation causes the conformational 

changes due to breakdown of intramolecular hydrogen bonds in the bilirubin molecule 

resulting in the formation of its photo isomers with EZ or ZE confirmation. The 

chemical structures of hydrogen bonded and soluble bilirubin are presented in Figure 

1.1 (ONISHI et al. 1986). 

1.2.2. Bilirubin synthesis and excretion  

Bilirubin is a naturally occurring organic substance synthesized both in 

animals and some plants (Hansen 2010; Pirone 2010). Figure 1.2 presents the normal 

route of bilirubin production, transportation, processing and excretion in human. 

Bilirubin is synthesized in the reticuloendothelial cells of spleen and Kuffer cells of 

liver by the catabolic degradation of hemoglobin and other hemoproteins including 

myoglobin, cytochromes, catalase, and peroxidase pyrrolase. The hem, also called as 

ferropophyrin-IX, contains four pyrrole rings joined by methylene bridges and an iron 

atom in the center. The first catabolic product of hem degradation is porphyrin IXa 

which is oxidized to biliverdin by hem oxygenase known as the rate limiting enzyme  
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Figure 1.1 Structure of hydrogen bonded bilirubin and its photo isomers 
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in hem catabolism. Biliverdin is then reduced to bilirubin catalyzed by biliverdin 

reductase (Figure 1.3) (Trivin and Odievre 1976; Porter and Dennis 2002; Bloomer 

and Risheg 2004; Roy-Chowdhury et al. 2006, 2008; Wang et al. 2006).  

The bilirubin thus produced is water insoluble due to the presence of six 

intramolecular hydrogen bonds between nitrogen atoms in its pyrrole rings and 

carboxylic group of propionic acid residues. The water insoluble bilirubin, also called 

as indirect or unconjugated bilirubin, enters into circulation and transported to the 

liver in association with serum albumin. The albumin-bilirubin binding minimizes its 

deposition of bilirubin into spleen and facilitates its excretion. This binding is usually 

reversible which favors their dissociation at the interface of hepatic sinusoids (Trivin 

and Odievre 1976; Wang et al. 2006; Bertini and Dani 2012). However, this binding 

may be irreversible in prolonged hyperbilirubinemia. In hepatic sinusoids, the 

bilirubin is dissociated from albumin, extracted to the periportal region and taken up 

by hepatocytes by facilitated diffusion through organic anion transporter polypeptides 

(OATP1B1 and OATP1B3). The OATP also called as solute carrier organic anion 

transporter (SLCO) have been found to be the putative bilirubin transporters present 

in blood-hepatocyte interface of sinusoidal membrane (Lin et al. 2008; van de Steeg 

et al. 2012). No transport of bilirubin from sinusoids to hepatocytes against the 

concentration gradient has been reported. Rather the transport of bilirubin is 

bidirectional and requires Cl ions imported by carrier proteins. In hepatocytes, 

bilirubin binds to glutathione-S-transferase (GST), also known as ligandin which 

shows much higher bilirubin binding affinity than albumin. This bilirubin-ligandin 

binding increases the net bilirubin uptake, reduces the efflux of bilirubin back into 

circulation and facilitates its hepatocellular storage (Hansen 2010; Memon et al. 

2016). 

The bilirubin in hepatocytes binds to ligandin and undergoes conjugation with 

glucuronic acid catalyzed by the microsomal bilirubin UDP-glucuronosyl transferase 

1A1 (UGT1A1) (Figure 1.4, 1.5). UGT1A1 is an intrinsic protein of endoplasmic 

reticulum (ER) with its active site located in the lumen of ER. It is, therefore, 

necessary for its substrate to enter into ER prior to undergo conjugation. Glucuronic 

acid does not have affinity towards the active site of UGT as a substrate. Before 

conjugation, it is first converted to uridine diphosphate glucuronic acid (UDPGA) 

catalyzed by glucose-6- phosphate dehydrogenase (G6PD) which shows affinity 

towards active site of UGT. 
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Figure 1.2 Normal route of bilirubin metabolism 
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Figure 1.3 Metabolic degradation of hem into bilirubin 
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The transport of UDPGA into ER is stimulated by UDP-N-acetyl glucose amine. In a 

subsequent step, the UDPGA is conjugated with the propionic acid residues of 

bilirubin resulting in the formation of bilirubin glucuronides. The partial conjugation 

results in the formation of bilirubin monoglucuronide while diglucuronides are 

formed as a result of conjugation on both propionic acid residues (Figure 1.4). The 

breakdown of the intramolecular hydrogen bonds by conjugation with a hydrophilic 

sugar acid makes bilirubin glucuronides water soluble.  

In normal metabolism, bilirubin diglucuronides are excreted as the major 

glucuronides in the adult human bile. However, in the individuals with reduced UGT 

activity, the concentration of monoglucuronide in bile is relatively increased (Schmid 

1959; Wood 1977; Jansen and Bittar 2004; Roy-Chowdhury et al. 2008; Hansen 

2010). The conjugated bilirubin in the form of bilirubin glucuronides, also called as 

direct bilirubin (DB), contains no internal hydrogen bonds, is water soluble and 

transported to bile canaliculi. The transport of conjugated bilirubin from hepatocytes 

to bile canaliculi is against the concentration gradient (1:100) and actively supported 

by an ATP hydrolysis coupled pumps such as the  multidrug resistance protein 2 

(MRP2) and ATP binding cassette C2 (ABCC2). A portion of conjugated bilirubin 

enters into sinusoidal blood via an ABCC3, re-up taken by sinusoidal OATP1B1 and 

OATP1B3 along with unconjugated bilirubin and excreted again into bile by MRP2 

(Figure 1.5) (Bellarosa et al. 2009). In recent years, another ABC transporter known 

as breast cancer resistance protein ABCG2/BCRP has been also found to be involved 

in the hepatocellular excretion of bilirubin (Vlaming et al. 2009).  

Once in the canaliculi, the conjugated bilirubin (>98% of the total canalicular 

bilirubin) is transported via bile duct to small intestine. In the intestine, the canalicular 

unconjugated and deconjugated bilirubin is reabsorbed into the enterohepatic 

circulation through intestinal epithelium. The intestinal reabsorption of conjugated 

bilirubin is not favored due to its water soluble structure. The conjugated bilirubin is 

excreted directly in feces along with other breakdown products and undigested food. 

However, the unconjugated bilirubin is first reduced to urobilinogen and 

stercobilinogen by intestinal microflora and then oxidized to urobilin and stercobilin 

pigment respectively for its excretion in feces which contribute to the color of stools. 

The concentration of urobilinogen may be increased in case of overproduction of 

bilirubin, reduced bilirubin clearance by hepatocytes and excessive exposure of 

bilirubin to intestinal bacteria. 
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Figure 1.4 Hepatocellular conjugation of bilirubin and formation of bilirubin 

glucuronides  
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Figure 1.5 Hepatocellular uptake, conjugation and excretion of bilirubin 
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The china clay color of stool in obstructive jaundice indicates the reduced formation 

or complete absence of urobilin pigment. The conjugated, but not unconjugated, 

bilirubin in circulation is also excreted by kidney in case of low hepatocellular 

excretion and cholestasis (Roy-Chowdhury et al. 2008). The regulation of bilirubin 

metabolism is based on the inhibition or expression of UGT1A1 by nuclear receptors 

(Jia-yuan and Guo 2014). 

1.2.3. Hyperbilirubinemia and jaundice  

The physiological level of total serum bilirubin (sum of both the unconjugated 

and conjugated bilirubin) in normal metabolism of hemoglobin ranges from 0.1 to 1.2 

mg dL
-1

 (1.7-20.4 µmol L
-1

) while that of serum direct bilirubin (conjugated bilirubin) 

ranges from 0 to 0.3 mg dL
-1

 (0-5 µmol L
-1

). A failure in hem metabolism results in 

the accumulation of bilirubin in the various parts of the body particularly those 

containing fat deposits. An elevation in bilirubin concentration up to 2.5-3 mg dL
-1

 

(40-50 µmol L
-1

) in blood is considered as hyperbilirubinemia (Varley et al. 1980; 

Tan 1993; Chawla 2014). The unconjugated bilirubin in circulation, being 

hydrophobic in nature, gets deposited in the adipose tissues apparently visible in skin 

and eyes. The yellow pigmentation of skin and eyes, a physiological condition 

associated with hyperbilirubinemia, is generally known as Jaundice (Porter and 

Dennis 2002; Kaplan and Hammerman 2005; Brumbaugh and Mack 2012).  

Depending on the factors responsible for the hyperbilirubinemia and the 

anatomical location of the abnormality, jaundice is categorized in to pre-hepatic 

(before hepatocellular uptake of bilirubin), hepatic (within the hepatocyte), and post-

hepatic jaundice (after the release of bilirubin from the hepatocyte). The pre-hepatic 

jaundice, also called as hemolytic jaundice is associated with unconjugated 

hyperbilirubinemia mostly caused by excess hemolysis and over production of 

bilirubin beyond the conjugating capacity of liver. The major factors responsible for 

the excess hemolysis include hemoglobin and red cell abnormalities, deficiency of 

glucose 6-phosphate dehydrogenase and antibody mediated acquired hemolysis in 

hemolytic disease of neonates and incompatible blood transfusions. The excess 

release of bilirubin due to erythropoiesis in thalassemia and pernicious anemia also 

contributes to pre-hepatic jaundice (Varley et al. 1980). The associated factors 

responsible for pre-hepatic jaundice include hyper activity of hemoxygenase and 

biliverdin reductase, defects in albumin-bilirubin binding and impaired hepatocellular 

uptake of bilirubin through sinusoidal membrane. The factors affecting albumin-
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bilirubin binding include hypoxia, hypoglycemia, hypothermia, acidosis and 

unavailability or deficiency of albumin. Albumin-bilirubin binding is also inhibited by 

sulfisoxazole but unaffected by phenobarbital. The pre-hepatic jaundice results in the 

retention of unconjugated or direct bilirubin in circulation (Lee et al. 2013; Sticova 

and Jirsa 2013). 

The major factors responsible for hepatic jaundice include: 1) Defective 

uptake of unconjugated bilirubin by the hepatocytes, its inappropriate transport within 

the cell and impaired conjugation with glucuronic acid due to low activity of UGT 

particularly in neonates. 2) Hepatocellular damage due to hepatitis and liver cirrhosis, 

intrahepatic regurgitation of bilirubin and cholestasis due to blocking of canaliculi, 3) 

Impaired transport of the conjugated bilirubin in bile canaliculi due to the formation 

of cirrhotic nodules and 4) Drug induced disorders at the bile-capillary level as in bile 

carcinoma and intrahepatic atresia. Thus the hepatic jaundice is associated with 

conjugated as well as unconjugated hyperbilirubinemia (Varley et al. 1980; Jansen 

1996; Kadakol et al. 2000; Lin et al. 2008, 2009; Vera et al. 2009).  

The post-hepatic jaundice, also known as obstructive jaundice, cholestatic 

jaundice or simply cholestasis, is associated with conjugated hyperbilirubinemia. The 

major factor responsible for post-hepatic jaundice is impaired excretion of bilirubin in 

bile due to the atresia and obstruction of the main bile duct. Cholestasis and 

parenchymal liver disease results in an impaired blood-conjugated bilirubin level. The 

failure in the OATP dependent clearance of bilirubin conjugates from liver results in 

the hepatocellular reuptake of conjugated bilirubin the blood through MRP2 which 

leads to post hepatic or conjugated hyperbilirubinemia (Brumbaugh and Mack 2012; 

Sticova and Jirsa 2013).  

In some specific conditions including fasting, delayed passage of meconium 

and obstruction of upper portion of intestine, the reabsorption of deconjugated 

bilirubin may be increased which contributes to prolonged hyperbilirubinemia. 

Intestinal microflora helps in degradation of conjugated bilirubin to excretion 

products such as urobilin and sterchobilin pigments. The frequent and prolonged use 

of antimicrobials and antibiotics diminishes the intestinal bacteria resulting in reduced 

excretion of bilirubin in feces. The accumulation of biliary bilirubin in intestinal tract 

increases its reabsorption in to enterohepatic circulation contributing physiological 

hyperbilirubinemia (Roy-Chowdhury et al. 2008).  
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In recent studies, it has been investigated that hyperammonia is associated 

with hyperbilirubinemia and jaundice. It was found that hyperammonia inhibits the 

energy production pathways mainly the Kreb’s cycle by damaging the mitochondria. 

The decrease in ATP level is directly associated with the decrease in the activity of 

ATPase (MRP2, MRP3, and ABCC2) involved in bilirubin transport from 

hepatocytes to bile canaliculi. Low activity of ATPase results in conjugated 

hyperbilirubinemia (Wang et al. 2014). 

1.2.3.1. Neonatal jaundice 

In fetus, the rate of breakdown of fetal erythrocytes is relatively high whereas 

the activity of ligandin and UGT is relatively low and the process of bilirubin 

conjugation is very slow. The activity of these enzymes is increased after birth 

resulting in an increased rate of conjugation. This activation requires some time 

during which the unconjugated bilirubin gets accumulated in hepatocytes and elevated 

in circulation. The increased rate of catabolic degradation of hem in fetal erythrocytes, 

decreased hepatocellular uptake, low rate of UGT dependent bilirubin conjugation, 

slow excretion of conjugated bilirubin into bile cause hyperbilirubinemia in neonates 

leading to physiological jaundice also called as neonatal jaundice. However, the 

increased hem catabolism due to congenital hemolytic anemias (G6PD deficiency and 

immunologically mediated hemolysis), decreased conjugation of bilirubin due to 

genetic abnormalities, cirrhosis  and hepatitis, decreased excretion of conjugated 

bilirubin due to hepatic and biliary disease and increased enterohepatic circulation of 

deconjugated bilirubin are the main origins of non-physiological jaundice in newborn 

as well as adults (Hansen 2010; Wolkoff 2014; Bertini and Dani 2016).  

Neonatal cholestasis or cholestatic jaundice is associated with prolonged 

conjugated hyperbilirubinemia. It is caused by various factors including bilirubin 

associated metabolic abnormalities, anatomic abnormalities and infections in biliary 

system, exposure to drugs and toxins and some genetic abnormalities. Biliary atresia 

is the major cause of cholestasis associated with complete obstruction of extrahepatic 

bile duct which leads to biliary cirrhosis (Feldman and Sokol 2013). 

1.2.3.2. Breast milk jaundice 

The jaundice caused by deprived breastfeeding by mothers to the neonates or 

abnormalities in breast milk is termed as breast milk jaundice (BMJ). Generally, two 

types of BMJ have been recognized: Type-1) the early onset BMJ is associated with 

the insufficient frequency of feeding or caloric deprivation and Type-2) the later onset 
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BMJ also known as breast milk jaundice syndrome, associated with abnormal 

composition of maternal breast milk (Leung and Sauve 1989). The type-I BMJ can be 

managed simply by increasing the frequency of feeding by mothers (Bertini et al. 

2001). Although, The breast feeding have been proved to be helpful in the 

management of neonatal jaundice, however, it has been also found to be a cause of 

neonatal jaundice in certain cases. The maternal breast milk, sometimes, consists of 

elevated levels of some UGT inhibitors such as pregnanediol, sterols, glucuronidase, 

non-esterified fatty acids, and some epidermal growth factors. These substances are 

also transported from maternal plasma to the fetus via placenta before birth. These 

inhibitors reduce the activity of UGT resulting in unconjugated hyperbilirubinemia. 

The breast milk jaundice develops in neonates in the first week of their life and 

persists for 3-4 months. The studies have shown that breast milk jaundice is not 

limited to UGT inhibitors but also associated to some genetic variation in UGT1A1 

gene (Preer and Philipp 2011; Memon et al. 2016). 

1.2.3.3. Drug induced jaundice 

A number of drugs have been found to cause jaundice either by interfering 

with the activity of bilirubin conjugating enzyme UGT1A1 or by inhibiting the 

transporter proteins associated with the hepatocellular conjugation and excretion of 

bilirubin. Fusidic acid, an antibacterial drug, has been found to be a cause of both 

conjugated and unconjugated hyperbilirubinemia and cholestasis. It acts as an 

inhibitor of various proteins present in hepatocellular transport system. It inhibits the 

hepatobiliary transporters including OATP1B1 and OATP1B3, multidrug resistance 

associated protein MRP1 and MRP2, Na
+
/taurocholate co-transporting polypeptide 

NTCP, bile salt export pump BSEP and the bilirubin conjugating enzyme UGT.  

Atazanavire and Indinavire are the antiviral drugs used as protease inhibiters 

for the treatment of infections caused by human immunodefficiency virus (HIV). 

These drugs have been found to show in vitro inhibition of UGT1A1, OATP1B1, 

OATP1B3 and BSEP contributing to drug induced hyperbilirubinemia. A significant 

increase in bilirubin level has been reported in 22-47% patients treated with 

atazanavire (Sulkowski 2004; Gondal and Aronsohn 2016; Lapham et al. 2016). 

The drugs including tamoxifen, cyclosporine, cetirizine, azathioprine, 

glimepiride and anabolic steroids used for the treatment of various diseases have been 

found to cause cholestatic syndrome without hepatitis. Some other drugs including 

nonsteroidal anti-inflammatory drugs (NSAIDs), amoxicillin, carbamazepine, 
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chlorpromazine, atorvastatin, isoniazide, propafenone and tricyclic antidepressant 

have been found to induce cholestasis associated with hepatitis. Flucoxacillin 

tenoxicam, amoxicillin‐clavulanate and dextropropxyphene have been reported to 

cause bile duct injury associated with drug induced cholestasis (Padda et al. 2011). 

The increase in drug concentration has been found to be associated with the variation 

in the expression of genes coding for liver enzymes and transporters. The down 

expression of enzymes and transporters in liver cells may lead drug induced 

cholestasis (Liu and Kaplowitz 2002). 

Recently some polyphenolic acid including salvianolic acid A, salvianolic acid 

B, protochatechic aldehyde and rosmerininc acid have been found to inhibit UGT1A1 

activity and induce unconjugated hyperbilirubinemia. The administration of 

salvionolic acid A and salvionolic acid B resulted in the formation of bilirubin 

monoglucoronides instead of diglucuronids indicating the reduced activity of 

UGT1A1 in rats (Ma et al. 2017). Octreotide, a somatostatin analogue, has been 

found to show strong inhibition of OATP1B1, and a weak inhibitory effect on 

OATP1B3, and MRP2 resulting in the induction of hyperbilirubinemia without any 

injury to liver cells (Visentin et al. 2015).  

1.2.3.4. Familial non-hemolytic jaundice 

This is a benign form of jaundice which occurs in about 5% of the healthy 

individuals without any evidence of hepatocellular disease or excess hemolysis. In 

this type of jaundice the bilirubin level is increased up to 1-3 mg dL
-1 

(17-50 µmol L
-

1
) in blood donors with normal health. This condition persists for a long time with 

mild fluctuations in bilirubin level (Varley et al. 1980).  

1.2.4. Genetic causes of hyperbilirubinemia 

Hyperbilirubinemia is not only caused by physiological dysfunctions but also 

characterized by genetic abnormalities in the genes associated with bilirubin 

metabolism. Polymorphism in UG1A1, HO-1, OATP2 and BLVRA genes are 

investigated to be genetic basis of various types of hyperbilirubinemia. The 

hyperbilirubinemia associated with UGT activity is linked to genetic polymorphism in 

two genes SLCO1B1 and SLCO1B3 coding for the sinusoidal membrane transporter 

proteins OAPT1B1 and OAPT1B3 respectively. The reduced activity of these two 

proteins is further associated with elevated levels of conjugated as well as 

unconjugated bilirubin in serum (Chiddarwar et al. 2017). The polymorphism in the 

genes coding for conjugating enzyme and the transporters proteins MRP2 involved in 
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the excretion of conjugated bilirubin is the major cause of unconjugated and 

conjugated hyperbilirubinemia. The overall view of genetic disorders of bilirubin 

uptake by hepatocytes, conjugation and excretion is given in Figure 1.6. 

1.2.4.1. Disorders of hepatocellular uptake and conjugation of bilirubin 

Gilbert’s Syndrome 

Gilbert’s syndrome (GS) is an inherited disorder generally characterized by 

inherited unconjugated hyperbilirubinemia associated with defective conjugation of 

bilirubin in hepatocytes. It is genetically caused by insertional mutation in 

homologous state of the TATAA elements of UGT1A1 gene coding for microsomal 

bilirubin UGT. The activity of various genotypes of UGTIAI in normal metabolic and 

physiological conditions ranges from .48 to 63%. In GS, the genetic defects in of 

UGT1A1 promotor genes, particularly the phenobarbital responsive enhancer module 

T-3279G and TA7 dinucleotide repeat, result in the reduced expression and activity of 

UGT by 30% which is further associated with the reduction in enzyme activity, slow 

rate of bilirubin conjugation and relatively high level of serum bilirubin (up to 5 mg 

dL
-1

) (Chang et al. 2007). GS is also associated with hemolytic anemia, heredity 

spherocytosis or congenital dyserythropoetic anemia type-II which leads to 

hyperbilirubinemia and cholelithiasis. The hyperbilirubinemia in GS can be managed 

by induction of UGT1A1 after administration of phenobarbitone (Rossi et al. 2005; 

Erlinger et al. 2014; van Dijk et al. 2015; Maruo et al. 2016; Chiddarwar et al. 2017). 

Crigler Najjar Syndrome  

Crigler Najar Syndrome (CNS) is the rare autosomal recessively inherited 

disorder characterized by unconjugated hyperbilirubinemia. It is genetically caused by 

homozygous deleterious mutation in one of the exons of UGT1A1 gene coding for 

bilirubin UGT. CNS Type-I is characterized by the complete deficiency of UGT in 

which serum bilirubin level is increased up to 8-18 mg dL
-1

 but in case of prolonged 

fasting and illness it may rise up to 30-40 mg L
-1

 (350 µmol L
-1

) and the bile contains 

traces of bilirubin (Chowdhury et al. 2013). Severe hyperbilirubinemia may cause a 

serious irreversible mental retardation called as bilirubin encephalopathy or 

kernicterus associated with deafness and slurred speech (Kadakol et al. 2000). CNS 

Type-I may be managed effectively by exchange transfusion method (Varley et al. 

1980). CNS Type-II is also associated with unconjugated hyperbilirubinemia caused 

by point mutation in UGT1A1 gene. The mutation in UGT1A1 gene causes a 

substitution of single amino acid residue in the enzyme resulting in the partial 
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deficiency of UGT activity (<5% of the normal). In CNS type-II, the bilirubin level is 

increased up to 8-20 mg L
-1

 which, usually, does not exceed 25 mg L
-1

. Phenobarbital 

therapy in CNS type-II results in the induction of bilirubin UGT activity and a 

mixture of mono and di-conjugates of bilirubin is excreted in bile (Varley et al. 1980; 

Jansen 1996; Rossi et al. 2005; Chowdhury et al. 2013; Maruo et al. 2016). 

As both of the GS and CNS are associated with the polymorphism in UGT1A1 

gene, it is very difficult to distinguish between the two syndromes. The mostly 

reported difference between the two is based on the severity of hyperbilirubinemia. 

GS is identified as common inherited syndrome with mild unconjugated 

hyperbilirubinemia while CNS is known to cause severe hyperbilirubinemia leading 

to kernicterus (Kadakol et al. 2000).  

1.2.4.2. Disorders of hepatocellular reuptake of direct bilirubin  

Rotor’s Syndrome 

Rotor’s syndrome (RS) is a rare disorder characterized by low grade 

conjugated hyperbilirubinemia. It is associated with reuptake of conjugated bilirubin 

by sinusoidal transporters OATP1B1 and OATP1B3 (Keppler 2014). As discussed 

earlier, the conjugated bilirubin is excreted from hepatocytes to bile canaliculi for 

drainage in bile duct. A portion of conjugated bilirubin enters into blood circulation 

and is re-up taken by OATPs present in hepatocellular membrane. Initially, the RS, 

based on the presence of conjugated bilirubin in serum, was considered to be the same 

as Dubin Johnson’s Syndrome (DJS) associated with defective excretion of bilirubin 

in bile. However, with the advancement in the knowledge about genetic basis of 

transporter proteins, it became clear that RS is something different from DJS. It has 

been now reported that RS is not associated with canalicular clearance of bilirubin, 

rather it is due to a genetic disorder linked to hepatic reuptake of bilirubin by OATP 

transporters (Erlinger et al. 2014). Studies have shown that mutation in SLCO1A and 

SLCO1B genes in mice results in reduced expression and activity of OATP1B1 and 

OATP1B3 transporters respectively. The reduced activity of these transporters was 

found to be associated with reduced reuptake of conjugated bilirubin from blood to 

liver resulting in conjugated hyperbilirubinemia. The activity of these transporters 

was found to be restored by transgenic expression of human OATPs. This concept 

was confirmed later by scanning and mapping the respective genes from the patients 

with RS. It was revealed that the pathogenic mutation in SLCO1B1 and SLCO1B3, 

even a single nucleotide variation in gene, results in decreased expression of the  
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Figure 1.6 Genetic disorders of bilirubin metabolism 
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respective OATP which leads to decrease in reuptake of conjugated bilirubin (Niemi 

et al. 2011; van de Steeg et al. 2012). 

1.2.4.3. Disorders of canalicular clearance of bilirubin 

Dubin-Johnson’s Syndrome  

Dubin-Johnson’s syndrome (DJS) is genetically an autosomal recessive 

disorder characterized with inherited conjugated hyperbilirubinemia. It is associated 

with the defects in canalicular excretion of conjugated bilirubin mediated by ATP-

dependent canalicular transport pumps ABCC1, ABCC2 and ABCC3 and MRP2. DJS 

is caused by heterogeneous mutation in ABCC2 and MRP2 gene coding for ABCC2 

and MRP2 transporters respectively. These genetic variations result in the complete 

deficiency or reduced expression of these transporters resulting in conjugated 

hyperbilirubinemia due to impaired excretion of conjugated bilirubin into canaliculi. 

DJS is usually mild due to the urinary excretion of conjugated bilirubin but more 

severe in neonates than in adults (Paulusma et al. 1997; Memon et al. 2016). 

1.2.4.4. Dual hereditary jaundice 

Dual hereditary jaundice is a clinical condition characterized by both the 

conjugated and unconjugated hyperbilirubinemia. It is also called as Mixed Dubin-

Gilbert’s syndrome (DGS) associated with two types of inherited disorders: 1) DJS 

associated with the decreased canalicular excretion of bilirubin caused by mutation in 

ABCC2 and MRP2 genes and 2) GS associated with decreased conjugation of 

bilirubin due to defects in UGT1A1 gene resulting in decreased activity of UGT 

(Cebecauerova et al. 2005; Slachtova et al. 2016b; Jiang et al. 2017). 

1.3. Bilirubin Toxicity 

Bilirubin concentration above the normal physiological range has been found 

to exert toxic effects on various organs in human body. Bilirubin is known to cause 

neurological abnormalities such as encephalopathy or permanent kernicterus, 

neurological damage (Kaplan and Hammerman 2005). Fatty acids and some drugs 

including warfarin, suphonamides, anti-inflammatory drugs and cholecystographic 

contrast media interfere with bilirubin-albumin binding leading to bilirubin toxicity in 

neonates without altering the serum bilirubin level. When molar concentration of free 

bilirubin exceeds than that of albumin, it causes cerebral toxicity. The prolonged 

hyperbilirubinemia leads to an irreversible mental retardation known as kernicterus 

which may lead to death in neonates (Chen et al. 1965; Rice and Shapiro 2008). 

Extreme bilirubin level, either physiological or genetically induced, has been found to 
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be a risk factor for symptomatic gall stone disease or cholelithiasis (Stender et al. 

2013). It also cause oxidative lung damage .(Dani et al. 2004) 

1.4. Potential Beneficial of Bilirubin 

Previously, bilirubin has been considered as a toxic waste of hem degradation 

responsible for neurological damage in newborn. However, recent studies have 

challenged the dogma that bilirubin is the toxic product of hem metabolism and 

introduced bilirubin with its potential benefits to human body. Variation in the genes 

associated with bilirubin metabolism and hyperbilirubinemia has been found to be 

beneficial against the cardiovascular and other diseases (Fujiwara et al. 2018). 

Bilirubin has been found to act as an antioxidant and helps in preventing the cellular 

and vascular damage by reducing the oxidative stress caused by endogenous free 

radicals (Vı́tek et al. 2002; Hatfield and Barclay 2004; Nag et al. 2009; Vera et al. 

2009).  

An inverse relationship has been found between bilirubin level and 

development of coronary arty disease and cancer mortality at physiological 

concentrations. In a previous study, an increased risk of coronary heart disease was 

reported in subjects with relatively low bilirubin level (Schwertner et al. 1994; Gupta 

et al. 2016). Later, the individuals with mild unconjugated hyperbilirubinemia were 

found to be at low risk of cardiovascular disease as compared to those with normal 

bilirubin levels (Vı́tek et al. 2002). The idea was further supported by recent evidence 

that mild elevation in bilirubin level protects against cardiovascular diseases such as 

atherosclerosis and peripheral vascular disease caused by oxidative stress (Vítek 

2017).  

Low serum levels of bilirubin have been found to be a risk factor for the 

development of colorectal cancer (Jirásková et al. 2012). Mild elevation in 

unconjugated bilirubin level in patients with Gilbert’s syndrome has been also found 

to be associated with reduced prevalence of Type-II diabetes and cardiovascular 

disease and their associated risk factors (Wagner et al. 2018).  

The indenavire induced moderate hyperbilirubinemia has been also found to 

attenuate angiotensin II (ANG-II) dependent hypertension by decreasing vascular 

oxidative stress in mice without hepatotoxicity (Vera et al. 2009). Relatively higher 

levels of bilirubin in normal ranges have been found to reduce the risk of respiratory 

disease and death (Horsfall et al. 2011). Recent findings have proved bilirubin as an 

important antioxidant in circulation, a protector against cardiovascular damage and a 
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physiological regulator of hem-oxygenase activity (Boon et al. 2014; Sameiro-Faria et 

al. 2014; Kundur et al. 2015; Sarlak et al. 2016).  

Bilirubin has ability to bind with nuclear receptors, PPARα1 and aryl 

hydrocarbon receptor AhR. It has been also found to act as a hormone showing 

endocrine effect and contribute to health promotion (Vítek 2017). The other beneficial 

effects of bilirubin include protection against rheumatoid arthritis, inhibition of 

platelet activation in thrombosis, immunosuppressive, anti-aging, anti-genotoxic and 

anti-mutagenic effects (Větvička et al. 1991; Jangi et al. 2013; Mölzer et al. 2013; 

Wallner et al. 2013a, 2013b; Juping et al. 2017). However, besides all these benefits, 

it is obvious that the hyperbilirubinemia with highly elevated level of unconjugated 

bilirubin is toxic particularly in neonates and must be treated immediately. 

The beneficial effects of bilirubin have been attributed to its antioxidant,  

1.5. Treatment of Hyperbilirubinemia 

1.5.1. Phototherapy 

Phototherapy by ultra-violet (UV) radiation is the most commonly used 

method for treatment of hyperbilirubinemia. Phototherapy is based on the photo-

oxidation of bilirubin resulting in the breakdown of intramolecular hydrogen bonds 

and formation of bilirubin photo-isomers which, being hydrophilic even in the 

absence of normal conjugation, are excreted easily. After absorption of light, the 

dermal and subcutaneous bilirubin undergoes some photochemical reactions which 

convert bilirubin into its stereoisomers and other photo degradation products. It has 

been found that phototherapy results in the conversion of bilirubin into its photo-

isomers including EZ-cylobilirubin, ZZ-bilirubin and ZE-bilirubin which are excreted 

in bile and urine (ONISHI et al. 1986; Rehak et al. 2008; Stanojević et al. 2015). The 

bilirubin clearance depends on the rate of formation and excretion of the photo-

isomers while the rate of formation of these isomers depends on the intensity and 

wavelength of light during phototherapy. The light of wavelength (440-490 nm) with 

good penetration in the tissues and highly absorbed by bilirubin would be more 

effective in bilirubin clearance. The source of light, the source to patient distance, area 

of skin exposed, dose of light and cause and severity of hyperbilirubinemia are the 

factors which may affect the efficacy of phototherapy (Maisels and McDonagh 2008).  

Although, phototherapy is an effective method for management of 

hyperbilirubinemia in neonates, yet this treatment method has certain limitations. The 

recovery process is slow, requires a long exposure time and must be discontinued 
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during feeding. There are also chances of rebinding of bilirubin after phototherapy. In 

case of hepatobiliary cholestasis, there are chances of circadian rhythm disorder and 

phototherapy induced bronze baby syndrome, a clinical condition associated with 

dark greenish-brown discoloration of skin, serum and urine. The short term side 

effects of prolonged exposure to ultraviolet radiation including the skin rashes and 

loose stool and some long term effects such as allergic diseases, skin cancer, retinal 

damage and melanocytic nevi also limit the use of phototherapy. Moreover, 

phototherapy has been proved to be less effective in treatment of kernicterus in case 

of age dependent increase of body mass and skin thickness (Kopelman et al. 1972; 

Atkinson et al. 2003; Rehak et al. 2008; Bansal et al. 2010; Xiong et al. 2011, 2012; 

Chowdhury et al. 2013)  

The use of fluorescent light instead of UV light has also been remained in 

practice for the treatment of hyperbilirubinemia but this method is also not safe due to 

exposure to UV radiation. In order to avoid the destructive side effects of 

phototherapy on the neonates, light emitting diode (LED) therapy is recommended by 

the doctors. Although, this technique uses blue light instead of UV-radiation yet this 

method is not in common practice. However, the early morning exposure to sunlight, 

but carefully protected from sunburn, could be the most effective and safe 

phototherapeutic method for treatment of hyperbilirubinemia in neonates. 

1.5.2. Chemical treatment 

Phenobarbital and phenobarbitone treatment has been proved to be helpful in 

the management of unconjugated hyperbilirubinemia in neonates and adults 

particularly caused by the reduced activity of UGT. Phenobarbital has been found to 

induce UGT activity by increasing the expression of UGT1A1 gene (McMullin 1974; 

Valaes et al. 1980; Kaabneh et al. 2015). The oral administration of bilirubin oxidase 

in immobilized form has been also reported to reduce the toxic effects of bilirubin in 

intestine. Bilirubin oxidase is an enzyme which oxidizes bilirubin into less toxic water 

soluble products which are easily excreted from the body (Soltys et al. 1992). The 

reabsorption of the canalicular unconjugated bilirubin and deconjugated bilirubin into 

the enterohepatic circulation may lead to prolonged hyperbilirubinemia which can be 

prevented or minimized by oral administration of charcoal, agar or cholestyrum. 

However, this treatment is also limited to UGT dependent unconjugated 

hyperbilirubinemia and cannot be used for conjugated hyperbilirubinemia (Roy-

Chowdhury et al. 2008). 
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1.5.3. Herbal treatment 

Herbal treatment has been a favorable and effective traditional method for 

management of hyperbilirubinemia. A variety of herbs have been found to be 

effective in treatment of certain liver diseases including hepatitis and jaundice. 

Cichorium intubus L. commonly known as chicory is a traditionally used medicinal 

plant which possesses a number of medicinal properties such as antioxidant, anti-

inflammatory, anti-ulcerogenic, anti-cancer, anti-bacterial and anti-hepatotoxic 

activities. All parts of this plant have been used traditionally for the treatment of 

jaundice and gallstones (Shad et al. 2013). Annona muricata (Linn.) is another 

traditionally used medicinal plant for the treatment of jaundice. This has been 

reported to possess hepato-protective properties. It has been found to be effective in 

the treatment of carbon tetrachloride and acetaminophen induced jaundice in rat 

(Arthur et al. 2012). Agaricus brasiliensis has been also found to be effective in the 

treatment of phenyl hydrazine (PH) induced neonatal jaundice in rats (Zhang et al. 

2015). There are a number of other medicinal plants including Prunus domestica, 

Equisetum debile, Phyllanthus emblica, Punica granatum, and Raphnus sativus, 

commonly used for the treatment of jaundice by the practitioners (Abbasi et al. 2009). 

Although herbal treatment has very low side effects yet it has slow recovery rate and 

not favorable method for the treatment of neonatal jaundice. 

1.5.4. Exchange transfusion  

Blood transfusion or plasmapheresis is another method for the treatment of 

hyperbilirubinemia. Plasmapheresis is used for the detoxification of blood by removal 

of bilirubin and other toxic substances. In plasmapheresis the blood is removed from 

the hyperbilirubinemic patient and blood cells are separated from plasma followed by 

the replacement of plasma with bilirubin free human plasma from another source. The 

blood containing normal bilirubin level is transfused back into the patient (Bambauer 

et al. 1992; Keklik et al. 2013; Broux et al. 2015). Although, this method is useful in 

treatment of hyperbilirubinemia, yet it has chances of contamination and infections. 

1.5.5. Liver transplant 

Liver transplant has been an option for the treatment of jaundice particularly in 

inherited disorders of bilirubin metabolism including CNS and GS, hepatitis and liver 

carcinoma when all other remedies are ineffective. A successful transplant of liver has 

been reported in two brothers with CNS-II (Schauer et al. 2002). Recently, hepatocyte 

transplant has been introduced instead of complete liver transplant. The progress and 
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innovations in the method and protocols for the transplantation of hepatocytes in 

jaundiced patients have been also reviewed and reported in the subsequent literature. 

However, the use of liver transplantation method is limited due to its high cost, 

limited availability of the donor, the risk of rejection and other immunological 

problems (Ambrosino et al. 2005; Dhawan et al. 2006). 

1.5.6. Gene therapy 

Recently a new method for the treatment of jaundice caused by genetic 

disorder in bilirubin metabolism has been introduced. This treatment method is based 

on the replacement of genes responsible for the expression of the proteins involved in 

bilirubin metabolism. It has been suggested that the Gilberts syndrome and Crigler 

Najjar’s syndrome may be treated by the replacement of genes involved in the 

expression of OATP and UGT (Roy-Chowdhury et al. 2001; van Dijk et al. 2015). 

The recently used gene therapy techniques for the treatment of hyperbilirubinemia 

include ex-vivo gene transduction, receptor-mediated gene delivery, vector-mediated 

gene delivery, site-directed gene conversion and adenoviral vectors.  

1.5.7. Recent advancements in treatment of hyperbilirubinemia 

Cytochrome P450 (CYP2A6) known as hepatic bilirubin oxidase has been 

found to metabolize tetrapyrrole bilirubin. The idea was taken by the evidence based 

on the inhibition of CYP2A6 dependent cumarin-7-hydroxylase activity in yeast by 

the treatment of bilirubin. Bilirubin treatment resulted in an increased activity of 

CYP2A6 without affecting the mRNA. It was suggested that bilirubin has an affinity 

based attraction towards the active site of CYP2A6 which catalyzes the oxidation of 

bilirubin to biliverdin. The biliverdin thus produced has low affinity towards CYP2A6 

and is released from the active site easily (Abu-Bakar et al. 2012).  

However, no evidence has been found in favor of the involvement of CYP2A5 

in bilirubin metabolism and clearance. Recently, the studies on mice showed that 

pyrazole, a CYP2A5 inducer, treatment increases the hemoxygenase A1 and CYP2A5 

and reduced the UGT activity. The hyperbilirubinemia induced by intravenous 

administration of bilirubin persisted for long time and no microsomal production of 

biliverdin was observed in mice pretreated with pyrazole. This indicates that CYP2A5 

is not involved in the clearance of bilirubin when UGT is down regulated by any 

factor (Darch 2016). Gene replacement therapy of inherited hepatocellular jaundice 

has been suggested and expected to be the possible treatment option for genetic 

disorder such as CNS.  
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1.6. Animal Models Used in Research on Hyperbilirubinemia 

The selection of experimental animal model is a crucial step in an in vivo 

research project. Various animals have been used as experimental animal models in 

the field of research in life sciences. On the basis of physiological and anatomical 

similarities to human, rabbit, Wister rat, gun rat, albino rat, mouse and albino mice are 

the widely used animal models for the studies on bilirubin metabolism, its 

abnormalities and clearance of hyperbilirubinemia (Adachi et al. 1985; Joshi et al. 

1995; Roque et al. 2008; Vera et al. 2009; Lämsä et al. 2012; Darch 2016; Kao et al. 

2017). Rat and mice being smaller in size, are good choice of experimental animal 

model as they are economical and easy to handle. These animals contain very low 

volume of blood and other body fluids. In normal practice, these animals are 

sacrificed to obtain the blood samples and cannot be used in further steps of a 

multistep study. A group of researchers have also used mongrel dogs in their study on 

the bilirubin and lipids metabolism in obstructive jaundice (Tsuchiya et al. 2001). 

However, the use of dogs is unusual as it is expensive and difficult to handle. The 

rabbit, on the other hand, is human friendly, easy to handle, relatively bigger in size, 

contain higher volume of blood, and suitable to be used in sequential studies where 

the blood sampling from the same animal is required for multiple times.  

1.7. Induction of Hyperbilirubinemia 

Hyperbilirubinemia can be induced in experimental animals by various 

inducing agents such as bile acids, bile salts, cholesterol, components of breast milk, 

and some drugs and chemicals. Phenyl hydrazine (PH) is known to cause hemolytic 

anemia in experimental animals by disrupting the cytoskeleton of erythrocytes. The 

proposed mechanism of PH induced hemolysis involves the increased oxidative stress 

in erythrocyte membrane caused by i) peroxidation of membrane lipids as a result of 

auto-oxidation of PH and interaction of oxygen radicals with membrane lipids, ii) 

generation of superoxide anion radical by PH and formation of Heinz bodies, iii) 

enhanced levels of hydrogen peroxide in the erythrocytes resulting in glutathione 

depletion and iv) production of aryl, hydroxyl, superoxide, and phenyl radicals by PH 

(Friedman et al. 1962; Jain and Hochstein 1980; Li-de et al. 2003; Berger 2007; 

Roque et al. 2008; Shukla et al. 2012). The mechanism of PH induced hemolysis also 

involves the rupturing of erythrocyte membrane due to binding of PH with 

erythrocyte membrane proteins such as spectrin with a ligand derived from its aryl 

portion (Arduini et al. 1989). PH is also known to degrade hemoglobin by direct 
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oxidation of oxyhemoglobin to methemoglobin (Nakanishi et al. 2003). Degradation 

of hemoglobin leads to excess production of unconjugated bilirubin (Rice and Shapiro 

2008). Phenyl hydrazine has been used for the induction of hemolytic anemia and 

hyperbilirubinemia to study various hematological and physiological mechanisms in 

experimental animal models (Itano et al. 1976; Chakrabarti et al. 1990; Li-de et al. 

2003; Rice and Shapiro 2008; Roque et al. 2008; Zhang et al. 2015). 

1.8. Methods for Determination of Bilirubin 

1.8.1. Diazo method 

In circulation, bilirubin is normally found as unconjugated (indirect) bilirubin 

and conjugated (direct) bilirubin. Clinically bilirubin is measured as total serum 

bilirubin and serum direct bilirubin by modified diazo method based on Van Den 

Bergh reaction (Ichida and Nobuka 1968). This method is based on the formation of 

diazo-bilirubin complex by the reaction of bilirubin in sample with diazonium ion 

(formed by the reaction of sulphanilic acid and sodium nitrite) in an alkaline medium.  

Sulphanilic acid + Sodium nitrite    Diazonium ion 

Bilirubin + Diazonium ion   Azo-bilirubin (colored complex) 

The green colored diazo-bilirubin complex absorbs maximum at 540-560 nm 

and can be measured spectrophotometrically. For the determination of serum total 

bilirubin, caffeine is added to release the albumin-bound unconjugated bilirubin. The 

test performed without the addition of caffeine measures the conjugated bilirubin 

only. The concentration of unconjugated or indirect bilirubin in the serum can be 

calculated by difference between total and direct bilirubin.  

Although, this is a quick, accurate and widely used clinical method for the 

diagnosis of jaundice and hyperbilirubinemia, yet it has some limitations in the field 

of research. This method determines the concentration of total and direct bilirubin but 

not the bilirubin conjugates and its degradation products. It is, therefore, necessary to 

find out new methods not limited to bilirubin concentration only but also suitable for 

the identification and simultaneous determination of bilirubin conjugates and its 

degradation products in body fluids.  

1.8.2. Peroxidase method 

It is an enzymatic method for determination of free bilirubin but not the 

albumin bound bilirubin. The method is based on the principle that the horseradish 

peroxidase catalyzes a rapid oxidation of unbound free bilirubin while the albumin 

bound bilirubin remains protected (Arkans and Cassady 1978; Westwood 1991). The 
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method has been found to be effective and validated for the determination of unbound 

free bilirubin in the serum both in conjugated and unconjugated form and can also be 

used to determine the binding affinity of bilirubin to albumin (Roca et al. 2006). 

However, this method is limited to free bilirubin and it does not give the measurement 

of the degradation products of bilirubin. 

1.8.3. Bilirubin oxidase method 

This is an enzymatic method used for the determination of total serum 

bilirubin and direct bilirubin. The method is based on the enzymatic oxidation of 

bilirubin to biliverdin catalyzed by bilirubin oxidase obtained by Myrothecium 

verrucaria (Westwood 1991). The method involves the following two step reaction: 

 

 

In first step bilirubin is oxidized into biliverdin and in the subsequent step 

bilivedin thus formed is further oxidized to a purple colored complex which can be 

measured spectrophotometrically or amperometrically using oxygen electrodes 

(Klemm et al. 2000). The method is equally effective for determination of total 

bilirubin and direct bilirubin as both are oxidized at same pH (7.2 and 7.3 

respectively). The high performance liquid chromatographic analysis before and after 

the enzymatic oxidation of bilirubin have showed that the method is highly specific 

with no significant interference by reducing substances, hemoglobin and 

anticoagulants.  

1.8.4. Light absorption method  

In previous decayed, the researchers have been using the light absorption 

method for the determination of bilirubin in diluted serum. In normal sera, more than 

90% of the yellow color is contributed by bilirubin while rest of the 10% is due to the 

presence of other substances including carotenes. In hyperbilirubinemic sera, the color 

of bilirubin dominates the others in the reading. Bilirubin in serum absorbs maximum 

at 453 nm which can be used in the spectrophotometric determination of bilirubin in 

serum. However, due to the presence of various other interfering factors mainly, the 

oxyhemoglobin, which also absorbs maximum at the same wavelength. The presence 

of albumin in the serum is another interfering factor which has been found to alter the 

absorption maxima of bilirubin (Varley et al. 1980).  
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1.8.5. Non-invasive method  

In order to avoid the pain and other complications of blood sampling, some 

non-invasive methods has been also developed for the determination of bilirubin in 

jaundiced neonates. Transcutaneous bilinometer, the hand held fiber optic sensing 

devices, has been designed for the detection and measurement of jaundice. The meter 

first illuminates the skin and subcutaneous tissues and then measures the intensity of 

yellow color of bilirubin spectrophotometrically. The method has been found to be 

accurate with significant correlation of results with those obtained by diazo method 

(Laeeq et al. 1993). Although, the method is quick, economical and easy to handle yet 

it is limited to the determination of total bilirubin level in skin.  

Another non-invasive method for determination bilirubin is pulse oximetry. 

This method is based on the principle that the bilirubin in blood running in the pulse 

absorbs light at wavelength different from that absorbed by hemoglobin. The pulse 

oximeter determines the bilirubin in similar fashion as bilinometer using a light 

around 480 nm (McEwen and Reynolds 2006).  

1.8.6. High performance liquid chromatography (HPLC) 

HPLC is an advanced method used for the identification and determination of 

bilirubin, its conjugates and degradation products (Adachi et al. 1985; Darch 2016). It 

is an advanced and reliable method which has been proved to be useful for studying 

the metabolic and degradation products of bilirubin including bilirubin glucuronides, 

its photo isomers, and products of radiolysis and intestinal oxidation of bilirubin 

(Costarino et al. 1985; Agati et al. 1998). Comparative to other methods reported and 

being used for the determination serum bilirubin, HPLC has been found to be the best 

method as it gives better separation and quantification of the components of a 

mixture. It has been found to be the most accurate, precise, highly specific and 

reliable method than the diazo and direct spectrophotometric and subcutaneous 

bilinometric methods (Stephen et al. 2017). In comparison to direct 

spectrophotometry, HPLC does not involve the interference by the other pigments 

found in serum (Kazmierczak et al. 2002). The individual fractions of various 

derivatives of bilirubin produced by metabolic, photolytic and radiolysis treatments 

can be measured accurately by the use of internal standard and calibration of the 

method with standard bilirubin solution.  
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1.9. Objectives of the Study 

In the light of previous literature it was found that a lot of work has been 

reported regarding the mechanism, factors influencing and disorders of bilirubin 

metabolism. Various in vitro and in vivo studies on the diagnosis and treatment of 

hyperbilirubinemia are also available. However, no investigations on the in vivo 

effects of gamma radiation and crude methanolic extract of Cichorium intybus leaf on 

bilirubin clearance in jaundiced specimens have been found in literature. This work 

aims at a comparative study to investigate the in vivo effect of UV radiation, gamma 

radiation and a leaf extract of C. intybus L. on bilirubin clearance in artificially 

induced hyperbilirubinemic rabbits. The main objectives of this study were: 

 To study the effect of gamma radiation as compared to that of ultraviolet 

radiation on bilirubin clearance for the management of hyperbilirubinemia.   

 To study the effect of leaf extract of C. intybus L., a medicinal plant 

traditionally used for the treatment of jaundice, on bilirubin clearance for the 

management of hyperbilirubinemia. 

 To develop and validate an HPLC method for the qualitative and quantitative 

analysis of bilirubin, its conjugates and degradation products.   

 To find out the most convenient method for the management of 

hyperbilirubinemia and to optimize the required time and dosage for 

significant clearance of bilirubin in case of each of the selected methods. 
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2. LITERATURE REVIEW 

Hyperbilirubinemia or jaundice has ever been the field of interest of the 

researchers due to its diverse causes and potential toxic effects especially in newborn. 

A large number of studies on the normal metabolism of bilirubin and the disorders of 

bilirubin synthesis and its excretion from the body were performed after the middle 

era 20
th

 century. The advancement in research and technology in last decades of 20
th

 

century facilitated the researchers to investigate more on the causes and clearance of 

hyperbilirubinemia. At present, a significant amount of literature is present to discuss 

the issues regarding hyperbilirubinemia and jaundice but still it needs more to be 

investigated. A systematic overview of literature on the mechanism and factors 

affecting the bilirubin metabolism, its disorders, development of hyperbilirubinemia 

and treatment methods is as follows:  

Chin et al. in 1965, studied anoxia on the production of kernicterus in 

hyperbilirubinemic newborn rabbits. They reported that injection of alkaline solution 

of bilirubin in pre-asphyxiated newborn rabbit results in the development of 

hyperbilirubinemia which leads to the production of kernicterus (Chen et al. 1965).  

Hohenauer et al. in 1976 reported that the application of phototherapy reduced the 

need for exchange transfusions in cases of hyperbilirubinemia of full term babies 

without blood group incompatibilities and in ABO incompatibilities with mild 

hemolysis. Phototherapy reduces the risk of kernikterus in low birth weight babies to 

a minimum and it can reduce the risks and the costs of treatment for many icteric full 

term babies by reducing the number of exchange transfusions needed. They suggested 

that phototherapy should only be used under well-defined indications and in a 

technically correct way (Hohenauer et al. 1976). 

Drummond and Kappas in 1984 reported that administration of δ-

aminolevulinic acid in suckling rats induces a dose dependent increase in hepatic hem 

oxygenase activity which results in hyperbilirubinemia in the neonates. This elevation 

of serum bilirubin level can be diminished by the administration of synthetic 

metaloporphyrin Sn-protoporphyrin as an inhibitor of hem oxygenase, an enzyme 

responsible for oxidation of hem and excess production of bilirubin (Drummond and 

Kappas 1984).  

Adachi in 1985, studied the metabolism of bilirubin and the stability of 

bilirubin glucuronides using high performance liquid chromatography. A pronounced 
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liability of bilirubin monoglucuronids (BMG) was observed in aqueous medium 

which was easily transformed to bilirubin and bilirubin diglucuronids (BDG). The use 

of reducing agents including glutathion, NADH, NADPH, cysteine, sodium ascorbate 

and dithiothreitol resulted in the suppression of BMG transformation into BDG and 

bilirubin. The study on rat liver plasma membrane showed no enzyme activity for 

transformation of BMG to BDG in this membrane (Adachi et al. 1985).  

Tan in 1993 reported that Phototherapy is now the standard form of treatment 

for infants with neonatal hyperbilirubinemia. Though gradual in its effect, it finally 

produces a prolonged reduction in bilirubin values; retreatment with phototherapy is 

relatively rare. Factors that affect efficacy of phototherapy are: initial bilirubin level, 

birth weight, gestational and postnatal age, etiology of jaundice and light intensity and 

spectral emission. Phototherapy has now been demonstrated to be highly effective and 

safe; with simple precautions, no untoward side-effects will occur. The guidelines for 

commencement, monitoring and cessation of phototherapy are provided (Tan 1993). 

Joshi et al in 1995 investigated the role of reactive oxygen species in the 

metabolism of bilirubin in gun rats. The study showed the degradation of added 

bilirubin by microsomal lipid peroxidation but not by microsomal hydroxyl or 

superoxide radical, or hydrogen peroxide. Vitamin E treatment also inhibited the 

microsomal lipid peroxidation and bilirubin degradation but showed no effect on 

plasma bilirubin level. No significant evidence was found regarding the reactive 

oxygen species mediated deposition of bilirubin in the absence of bilirubin 

conjugation (Joshi et al. 1995). 

Kaplan et al. in 1998 studied the effect of phototherapy on serum conjugated 

bilirubin in hyperbilirubinemic neonates. They reported that after 24 hr phototherapy 

of the hyperbilirubinemic neonates the serum total bilirubin and total conjugated were 

found to be decreased significantly. On the other hand, the ratio of monoconjugated 

and diconjugated bilirubin to total bilirubin remained constant. From these findings, it 

was suggested that phototherapy does not alter the conjugation rate of bilirubin in 

hyperbilirubinemic neonates (Kaplan et al. 1998). 

Newman et al. in 2000 investigated the biological and health services 

predictors of extreme neonatal hyperbilirubinemia in a health maintenance 

organization. They included 51,387 newborns with peak total serum bilirubin greater 

than or equal to 25 mg/dL (n = 73) and controls were a random sample of newborns 

from the cohort with peak bilirubin levels less than 25 mg/dL (n = 423).They reported 
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that prevention of extreme hyperbilirubinemia may require closer follow-up than is 

currently recommended by the American Academy of Pediatrics and more use of 

phototherapy than was observed in this study. To prevent extreme hyperbilirubinemia 

in newborn, many newborns would need to receive these interventions (Newman et 

al. 2000). 

Iqbal et al. in 2001 studied the in vitro effect of gamma irradiation on 

bilirubin. They reported that gamma irradiation causes oxidation of bilirubin in solid 

as well as in solution form and produce biliverdin as one of the non-toxic excretable 

products. They further concluded that the role of gamma radiation appears to be to 

produce free radicals by interacting with the molecular species. The free radicals thus 

produced are readily converted to the oxidation products such as biliverdin (Iqbal et 

al. 2001).  

Tsuchiya et al. in the same year studied the variation in the bilirubin and lipid 

metabolism in mongrel dogs with obstructive jaundice. Two groups of dogs with 

obstructive jaundice, one treated by external biliary drainage (EBD) and the other by 

EBD plus intra-intestinal administration of autologous bile as internal biliary drainage 

(IBD). Although the rate biliary excretion of bilirubin was higher in IBD group but no 

difference in the rate of decrease in the serum bilirubin was observed between the 

groups. The lipid metabolism was found to be improved more in EBD group. It was 

suggested that in the early stage, EBD treatment is superior to improve the lipid 

metabolism and bilirubin excretion while IBD treatment is favorable in late stage of 

obstructive jaundice (Tsuchiya et al. 2001). 

Pillay and Saleh in 2003 studied the effect of gamma irradiation of 

unconjugated bilirubin in aqueous and non-aqueous solutions. They reported a 

depletion of unconjugated bilirubin on the exposure of gamma rays and a complete 

degradation of bilirubin at dose of100 Gy in case of both the aqueous and non-

aqueous solutions of bilirubin (Pillay and Salih 2003). 

Dani et al. in 2004 studied the influence of bilirubin on oxidative lung damage 

and surfactant surface tension properties in artificially induced jaundiced rabbits with 

acute lung injury. They investigated that the hyperbilirubinemia induced by the 

intravenous injection of bilirubin in an animal model of acute lung injury results in the 

presence of bilirubin in bronchial aspirate fluid. This bilirubin is not does not play 

effective role as an antioxidant against oxidative lung damage rather it exerts a 
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detrimental effect on the surface tension properties of lung surfactant (Dani et al. 

2004).  

Saleh and Pillay in 2004 developed a method for the radio degradation of 

bilirubin in chloroform by gamma rays. They reported that a dose-dependent linear 

depletion and complete degradation of bilirubin is accomplished when exposed to 

gamma rays with doses in excess of 100 Gy. They regulated the process by 

controlling the dose and estimated the rate constant of depletion process at dose rate 

of 5.67×10-2 Gy s-1 (Salih and Pillay 2004a).  

Saleh and Pillay in the same year studied the effect of gamma radiation on 

aqueous solution of bilirubin in presence and absence of oxygen. They reported that 

the process of degradation of bilirubin by gamma radiation was enhanced in the 

presence of molecular oxygen as compared to irradiation in air. They observed no 

increase in the production of biliverdin in the presence of oxygen at gamma radiation 

doses of more than 100 Gy while increased production of biliverdin was observed at 

this dose in the absence of oxygen (Salih and Pillay 2004b).  

Al-Hamdi et al. in 2006 developed a high performance liquid chromatography 

method for the quantification of bilirubin and its separation from its photoproducts. 

They adopted a 24 full factorial experimental design to optimize the experimental 

conditions. They reported that the optimum conditions for best separation were found 

to be a flow rate of 1.5 mL/min, a mobile phase of methanol-water (99:1 v/v) at pH 

3.60, and a 150×4.6 nm in reverse phase (C18) column containing 5 µm particles and 

a total retention time of 3.38±0.055 min. They obtained a linear calibration curve for 

bilirubin under optimum conditions with a quantification limit of 0.79 g/L and 

detection limit of 0.24µg/L (Al-Hamdi et al. 2006).  

Lin et al. 2008, found an association between the polymorphism in bilirubin 

metabolizing genes including biliverdin reductase-A (BLVRA), HO-1, SLCO1B1 and 

UGT1A1, and serum bilirubin level in three Asian populations. They observed 

significant differences in total bilirubin level in the studied populations but not 

explained completely (Lin et al. 2008).  

Lin et al. 2009, studied the mutations and polymorphisms across 3 genes 

including UGT1A1, G6PD, and OATP1B1, involved in the production and 

metabolism of bilirubin in the individuals from the residents of with worldwide 

ancestry. The polymorphism in UGT1A1 gene was found to be common but most of 

the variants with African-A-G6PD mutation showed polymorphism co-expression 
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across the genes. The study provided an effective tool of expanded panel of mutation 

and polymorphism to study the genetic makeup of hyperbilirubinemia which may 

play a role for coinheritance of genetic polymorphism in determining the risk of 

hyperbilirubinemia in newborn (Lin et al. 2009). 

Belarosa et al. in the same year discussed the role of ABC transporters in 

protecting cells from bilirubin toxicity. They reported that ATP binding cassette 

proteins generally known as ABC transporters including multidrug resistant proteins 

MRP1 and MRP3 are involved in the ATP-dependent hepatocellular export of 

unconjugated bilirubin. Due to highest degree of amino acid homology among the 

MRP family, MRP3 is also involved in the protection of cells from bilirubin toxicity 

by elimination of conjugated bilirubin. It was also reported that MRP3 expression is 

up-regulated by bilirubin and its glucuronides but no evidence of MRP3 assisted 

elimination of conjugated bilirubin and protection from conjugated bilirubin toxicity 

was provided (Bellarosa et al. 2009). 

Lee et al. in the same year evaluated the chances of serum unconjugated 

bilirubin (UB) concentration to be a useful predictor of bilirubin encephalopathy in 

high-risk infants. They measured the serum total bilirubin (TB) and UB 

concentrations of 388 newborn infants treated with phototherapy or exchange 

transfusion for their hyperbilirubinemia. They found that eight of 44 cases showed 

high UB levels accompanied by abnormal auditory brainstem responses, one of whom 

subsequently developed ataxic cerebral palsy with hearing loss, whereas the other 

seven showed transient abnormalities of auditory brainstem responses by the 

treatment of exchange transfusion or phototherapy. They concluded that The UB 

measurement was considered to be significant for the assessment of the risk of 

bilirubin neurotoxicity and the appropriate intervention for hyperbilirubinemia in 

high-risk infants (Lee et al. 2009). 

Vera et al. in the same year reported the attenuation of angiotensin (ANG-II) 

mediated hypertension due to hyperbilirubinemia induced by inhibited metabolism of 

bilirubin. The indinavir induced hyperbilirubinemic mice were used to study the effect 

of hyperbilirubinemia on ANG-II mediated hypertension. The ANG-II infusion in 

indinavir treated hyperbilirubinemia mice resulted in low degree of hypertension as 

compared to control mice which suggested that hyperbilirubinemia attenuated the 

ANG-II dependent hypertension by a mechanism possibly involved in the decrease in 

vascular oxidative stress (Vera et al. 2009).   
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Bansal et al. in 2010 studied the incidence and magnitude of post-

phototherapy bilirubin rebound in neonates. They included inborn neonates needing 

phototherapy for hyperbilirubinemia and used standard guidelines to start and stop 

phototherapy. A total of 17 (7.3%) neonates developed significant bilirubin rebound 

which was found to be increased by 2.3 mg/dL after stopping phototherapy. They 

concluded that post-phototherapy discharge and follow-up planning should take into 

account the risk factors including for significant bilirubin rebound including birth at 

>35 weeks of gestation birthweight and onset of jaundice at >60 h of age (Bansal et 

al. 2010). 

Arthor, in the same year, reported the involvement of murine cytochrome 

P450 (CYP-2A5) and its human orthologue CYP2A6 in bilirubin metabolism during 

arsenic toxicity. In this review, he reported that hemoxygenase-1 (HO-1) and CYP-

2A5 are involved in metal induced oxidative stress and bilirubin homeostasis in liver. 

The induction of HO-1 increases the elevation of bilirubin level which further elevates 

CYP-2A5 dependent oxidation of bilirubin. The CYP450 mediated oxidation of 

bilirubin, incubated in yeast microsomal fraction expressing the murine Cyp2a5 or its 

human orthologue CYP2A6, resulted in the production of biliverdin and some other 

oxidative products of bilirubin. Bilirubin was also found to show a concentration 

dependent competitive inhibition of Cyp2a5 catalyzed cumarin 7-hydroxylation. It 

was found that bilirubin has bilirubin has similar affinity towards Cyp2a5 as that of 

cumarin. In the subsequent step of the study, the arsenic treated mice and human liver 

cells showed an induction of HO-1 and Cyp2a5 at both the transcriptional as well as 

translational level which protected the liver from oxidative stress (Arthur 2010). 

Horsfal et al. in 2011 investigates the correlation between the bilirubin level 

and risk of respiratory disease. The study showed significant relationship between 

bilirubin level and risk of respiratory disease. The patients with relatively higher 

bilirubin levels in the normal ranges were found to be safe with a reduced risk of 

respiratory disease (Horsfall et al. 2011).  

Abu-bakr and Lang in 2012 studied the role of human microsomal cytochrome 

P450 (CYP26A) in the metabolism of tetrapyrrole bilirubin. Bilirubin was incubated 

with recombinant yeast microsomes producing human CYP26A. Bilirubin was found 

to significantly inhibit the CYP26A dependent coumarin 7-hydroxylase activity. The 

study showed that bilirubin and its positively charged intermediates are attached to the 

active site of the enzyme and are metabolized to biliverdin which is released due to 
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change in affinity towards the active site. Bilirubin was also found to increase the 

level and activity of this enzyme in HepG2 cells without affecting the corresponding 

mRNA. The authors suggested that bilirubin regulates the activity of CYP26A which 

may act as bilirubin oxidase (Abu-Bakar et al. 2012). 

Jiraskova et al. in the same year performed a case-control study and 

investigated an association of between serum bilirubin level and variation in the 

promotor sequences of hem oxygenase-1 (HO-1) and UDP-glucuronosyltransferase 

(UGT1A1) genes with sporadic colorectal cancer. Both of the HO and UGT enzymes 

are involved in the metabolism of bilirubin and reduction of oxidative stress. The 

UGT1A1 allele carrier status was significantly associated with an increased risk of 

colorectal cancer. The patients with relatively lower serum bilirubin levels due to 

increased expression of UGT1A1 were found to be more at risk of colorectal cancer 

(Jirásková et al. 2012). 

Lamsa et al. in the same year studied the induction and role of hem 

oxygenase-1 and cytochrome P450 (CYP2A5) in the metabolism of hem and 

bilirubin. The study was performed on mouse hepatocytes. The study showed an Nrf2 

(nuclear factor erythroid-derived 2-like 2) dependent targeting of CYP25A to 

endoplasmic reticulum and mitochondria. The excessive increase in hem 

concentration resulted in an increase in CYP25A in mitochondria. Moreover, the 

phenobarbital and dibutyryl-cAMP treatment and overexpression of PGC-1A 

(peroxisome proliferator-activated receptor-gamma coactivator-1A) gene resulted in 

stimulation of hem biosynthesis and induction of CYP2A5. It was suggested that the 

hem homeostasis regulates the expression of CYP2A5 gene via the activation of Nrf2. 

This subcellular targeting and CYP2A5 and HO-1 response coordination favors the 

bilirubin maintenance and predisposition of oxidative stress (Lämsä et al. 2012).  

Steeg et al. in the same year, studied the role of genes coding for the organic 

anion transporter protein OATP and multi-specific sinusoidal ATP-binding cassette 

(ABCC3) in bilirubin metabolism and the on the onset of Rotor’s syndrome. It was 

found that ABCC3 facilitates the secretion of conjugated bilirubin from hepatocyte to 

blood while OATP1A/1B facilitates the hepatic reuptake of conjugated bilirubin from 

blood. The study was performed on the mice deficient in bilirubin transporting 

proteins OATP1A/1B and ABCC3 resulting in reduced clearance of bilirubin. The 

transgenic insertion and expression of human OATP1A1 or OATP1B1 restored and 

enhanced the bilirubin clearance in OATP deficient mice. It was suggested that the 
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deficiency and reduced expression of these genes and deficiency of the bilirubin 

transporter proteins in hepatocyte membrane may disrupt the hepatic reuptake of 

bilirubin glucuronoides resulting in Rotor’s syndrome (van de Steeg et al. 2012). 

Stender et al. in 2013, in a prospective study, investigated the role of elevated 

bilirubin levels in the development of symptomatic gall stone disease in the Danish 

general population. The found that the individuals with prolonged elevated biliary 

bilirubin levels were at greater risk of gall stone disease. The study was proved 

genetically by testing the genetic variation in bilirubin glucuronidating enzyme 

UGT1A1 (rs6742078) and its association with the increase in biliary bilirubin levels.  

The genetic variant in UGT1A1 resulted in a 20% elevation in biliary bilirubin level 

which was further found to be associated with an increased risk of symptomatic gall 

stone disease (Stender et al. 2013). 

Chang et al. in the same year studied the mechanism of drug induced 

hyperbilirubinemia by in vitro inhibition of bilirubin conjugating enzyme and 

bilirubin transporters in hepatocyte membrane. The hepatocyte drug transporters 

proteins including organic anion transporter (OATP1B1, OATP1B3), multidrug 

resisting proteins (MRP2) and BSEP were overloaded by antiviral drugs indinavir and 

atazanavir. The study showed that the indinavir and atazanavir treatment was 

associated with hyperbilirubinemia and elevation in serum transaminase. The 

formation of estradiol-3-glucuronide, due less solubility and poor ionization of 

bilirubin, was used as surrogate probe which was suggested to be suitable for the 

assessment of inhibition of UGT1A1 activity, OATP, MRP, and BSEP and bilirubin 

disposition (Chang et al. 2013).  

Erlinger et al. in 2014 published a review on the molecular mechanisms and 

consequences of inherited disorders of bilirubin transport and conjugation. The review 

summarized the previous findings that hepatic uptake of bilirubin, its conjugation and 

biliary secretion is reduced by inherited disorders in the bilirubin metabolism 

resulting in different types of hyperbilirubinemia. The reduced uptake of 

unconjugated bilirubin and reuptake of conjugated bilirubin by hepatocytes due to 

genetic defects in bilirubin transport proteins results in unconjugated 

hyperbilirubinemia generally known as Rotor syndrome. The deficiency or reduced 

activity of bilirubin glucuronosyl transferase enzyme also results in unconjugated 

hyperbilirubinemia called as Gilbert’s syndrome. The defect is called as Crigler Najar 

syndrome if the hyperbilirubinemia become sever and leads to bilirubin 
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encephalopathy. The defects in transporter proteins associated with the hepatocellular 

excretion of conjugated bilirubin result in conjugated hyperbilirubinemia and the 

disorder is known as Dubin-Johnson’s syndrome (Erlinger et al. 2014).  

Wang et al. in the same year studied the influence of ammonia induced energy 

disorders on metabolism of bilirubin in liver cells. The study was conducted on 

primary hepatocytes exposed to ammonium chloride. The analysis of mitochondrial 

morphology and permeability, tricarboxylic acid cycle intermediates and expression 

of enzymes involved in bilirubin metabolism, showed and inhibited cell growth, 

induction of apoptosis, mitochondrial damage and hindrance of TCA cycle. 

Eventually, a significant reduction in the production (Levitt and Levitt 2014)of energy 

was found to be associated with the reduced expression of bilirubin metabolizing 

enzymes. The effect was found to be reversed by the addition of ATP. It was 

concluded that ammonia can disturb bilirubin metabolism by interfering with energy 

producing pathways (Wang et al. 2014).  

Veinstin et al. in 2015 studied the inhibitory effect of octreotide, a 

somatostatin analogue, on bilirubin transporter proteins OATP1B1, OATP1b3 and 

MRP2 and the development of hyperbilirubinemia. The octreotide was found to be a 

potent inhibitor of OATP1B1 mediated transport but showed week inhibitory effect 

on OATP1B3 and MRP2 mediated transport. The studies on the interaction between 

octreotide and AOTP1B1 showed a competitive inhibition of OATP1B1 mediated 

transport. These findings suggested that octreotide treatment may lead to 

hyperbilirubinemia in patients (Visentin et al. 2015).  

Eva-saticova et al. in the same year investigated a correlation between 

downregulation of OATP1B and hyperbilirubinemia in case of advanced cholestasis. 

The immunoreactivity of some antibodies was tested against human OATP1B 

transporter using mouse liver tissues transgenic for SLCO1B genes and human 

specimen obtained from patients suffering from hepatocellular and primary liver 

disease. The OATP1B3 was recognized specifically with ESL (ab-15441) antibody 

while the MDQ anti-OATP1B antibody cross reacted with both OATP1B1/B3 

proteins in liver tissues of transgenic mouse. A reduced expression of OATP1B was 

observed in the specimens obtained from the patients with advanced liver disease and 

primary biliary disease which was inversely correlated with serum bilirubin levels. It 

was suggested that down regulation of OATP1B protein may contribute to 
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hyperbilirubinemia and jaundice in patients with advanced cholestatic liver disease 

(Sticova et al. 2015). 

Darch in 2016, Studied on the hypothesis that cytochrome P450 (CYP2A5) 

enhances the bilirubin clearance in case of impaired activity of UDP-glucuronosyl 

transferase due to live enjury. The study was performed on the wiled type and Cyp-

2a5-null C57BL/6 mice. It was proved to be a null hypothesis indicating no 

significant effect of CYP2A5 on the metabolism and clearance of bilirubin in mice. It 

was suggested that there is no involvement of CYP2A5 in redox-cycling and 

clearance of bilirubin in C57BL/6 mice (Darch 2016).  

Maruo et al. in the same year studied on the genotype of UGT1A1 and 

investigated a correlation between Gilbert’s and Crigler-Najar syndrome type II (CN-

2), the inherited disorders of bilirubin metabolism. The study was performed on the 

Japanese patients with clinical signs of unconjugated hyperbilirubinemia. A 

significant variation was observed in bilirubin levels of the selected patients which 

ranged from 2.1-22.2 mg/dL. The genotypic analysis indicated the biallelic mutations 

in UGT1A1 gene. A homozygous double missense mutation in CN-2 group and four 

prevalent genotypes were detected in GS group. The intermediate group showed three 

genotypes. Depending on the genotype, the serum bilirubin concentration was also 

found to be significantly different in GS and CN-2 groups. However, the patients with 

intermediate genotypes showed intermediate bilirubin concentrations between GS and 

CN-2 groups (Maruo et al. 2016).  

Slachtova et al. in the same year studied the casual genetic defects in some 

Roma families and aimed to investigate the haplotyping and founder effect of deletion 

in ABCC2 gene in case of duel hereditary jaundice i.e Dubin-Johnson’s and Gilbert’s 

syndromes. The study showed the presence of a common 86 kbp haplotype 

encompassing promotor and a part of ABCC2 coding region among all families The 

study also confirmed a deletion in ABCC2 gene and the existence of founder effect 

and common haplotype among  seven families (Slachtova et al. 2016a). 

Lephen et al. in the same year, worked on the inhibitory effect of fusidic acid, 

an antibacterial agent, on UDP-glucuronosyl transferase (UGT1A1), and some 

hepatocyte transporters including Na+/taurocholate cotransporting polypeptide 

(NTCP), multidrug resistance-associated proteins MRP2 and MRP3, bile salt export 

pump (BSEP), associated with bilirubin conjugation and clearance of bilirubin 

conjugates. Study showed that fusidic acid significantly inhibited the UGT1A1 
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catalyzed glucuronidation activity in human liver microsomes. The fusidic acid also 

showed a concentration dependent inhibition of NTCP and BSEP mediated 

taurocholic acid transport with relatively lower IC50 values. It was concluded that 

inhibition of human BSEP by fusidic acid may lead to cholestatic hepatotoxicity by 

disturbing the bile acid homeostasis. No significant inhibition of MRP2 suggested that 

conjugated hyperbilirubinemia is not associated with inhibition of MRP2-mediated 

biliary clearance of bilirubin glucuronides, rather it may be due to inhibition of 

OATPs responsible for the hepatocellular reuptake of bilirubin glucuronides (Lapham 

et al. 2016). 

Jiang in 2017 published a case report based on the two novel variants in 

ABCC2 gene showing a compound heterozygous phenotype. The genetic analysis 

showed a linkage between T>3279G and A(TA)7TAA for the pathogenesis of 

Gilbert’s syndrome. It was observed that the transcriptional activity of UGT1A1 gene 

is reduced by the combined homozygosity of these two genetic mutations in its 

promotor. The relatively higher bilirubin level in patients with mutated genes 

suggested the disruption of ABCC2 transporter activity by mutation. It also suggested 

that the complete loss of the transporter activity due to compound heterozygous 

mutations may further lead to Dubin-Johnson’s syndrome. The study demonstrated 

the occurrence of a dual hereditary jaundice, GS and DJS in Chines patients with 

pathogenic mutations in the UGT1A1 promotor and ABCC2 transporter gene (Jiang 

et al. 2017). 

Ma et al. in the same year, investigated the in vitro inhibitory effect of some 

polyphenolic acids including salvianolic acid A (SAA), salvianolic acid B (SAB), 

protocatechuic aldehyde (PA), danshensu (DSS), rosmarinic acid (RA) and 

polyphenolic acids rich Salvia miltiorrhiza injections (DSI, and CDI) on bilirubin 

glucuronidation. They found that among the tested polyphenols, SAA, SAB, DSI, and 

CDI significantly inhibited the bilirubin glucuronidation mediated by human 

UGT1A1 following a mixed-type mechanism of inhibition. SAA and SAB were found 

to be the main polyphenolic acids involved in the inhibition of bilirubin 

glucuronidation (Ma et al. 2017).  

Schutzman et al. in the same year, studied the effect of genetic variants of two 

enzymes, UGT1A1 and SLCO1B1 involved in bilirubin metabolism, on the degree of 

hyperbilirubinemia in a cohort of African-American infants. The data showed the 

presence of different variant of the both genes with different proportions among 
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infants but only 20.6% of the infants had variations in the genes of both proteins. 

However, no significant impact of these variants was observed on the incidence of 

hyperbilirubinemia in the studied group of infants (Schutzman et al. 2017).  

Kao et al. in the same year, investigated the role of regulating cytochrome 

P450-2A6 expression in the mechanism of regeneration of hepatocytes through after 

living donor liver transplantation (LDLT). The expression of cytochrome P450-26A 

and the recovery of bilirubin to normal level were used as markers of hepatocyte 

repopulation after LDLT. A transcriptome comparison study was performed on the 

wiled-type and estrogen receptor (ER) α knockout mice and human hepatic progenitor 

cells (HepRG) treated with 17β-estradiol (E2). A reduced expression of Cyp 2a4 gene 

was observed in the liver from the knockout ERα mice as compared to that from wild 

type mice. The E2 or bilirubin treatments enhanced the expression of Cyp2a6 in 

HepRG cells. It was suggested that estrogen-estrogen receptor (E2-ER)α signaling 

mechanism facilitates the metabolism of bilirubin in regenerating liver (Kao et al. 

2017). 

Adoba et al. in 2018 published a cross-sectional study on the maternal 

knowledge about the possible factors associated with neonatal jaundice in the Effutu 

Municipality of Ghana. They observed a 10% of the studied neonates having jaundice 

at the time of birth while 54% of the neonates developed jaundice within 24-72 h after 

birth. The also observed the blood group incompatibility in 18% and glucose-6-

phosphate dehydrogenase abnormality in 12% of the jaundiced neonates. They found 

an association between low birth weight, duration of labor and development of 

jaundice. They reported that 90% of the mothers participated the study had poor 

knowledge about the effects of neonatal jaundice on other organs of the body. School 

education was reported to be the major source of maternal knowledge about neonatal 

jaundice (Adoba et al. 2018).  

Bech et al. in the same year studied various disorders associated with jaundice 

including extreme neonatal hyperbilirubinemia, kernicterus spectrum disorder (KSD) 

and acute bilirubin encephalopathy (ABE) in children with galactosemia. In a 

retrospective cohort study on Danish Metabolic Laboratory Database, they identified 

21 children suffering with galactosemia caused by GALT deficiency with an 

incidence of 1:48000. One third of the galactosemic children developed extreme 

unconjugated hyperbilirubinemia (total serum bilirubin 456-756 µmol L
-1

) within first 

10 days. Four children were reported to show symptoms of ABE with extreme 
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hyperbilirubinemia and one child showed the symptoms of KSD. They finally 

concluded that the hyperbilirubinemia, KSD and ABE are associated with 

galactosemia which should be kept in consideration during phototherapy of jaundice 

(Bech et al. 2018). 

Oyapero et al. in the same year studied the clinical and sociodemographic 

correlates of neonatal jaundice in Nigerian neonates at a tertiary health facility. The 

babies from the less educated mother showed comparatively higher levels of bilirubin. 

The neonates having birth at home or by a traditional birth attendant of an auxiliary 

nurse also showed comparatively higher levels of bilirubin (Oyapero et al. 2018).  

Zhang in the same year studied the association of temporal and occipital lobe 

seizures with hyperbilirubinemia and reported that severe neonatal hyperbilirubinemia 

is an inducer of the studied abnormalities. The patients with total serum bilirubin level 

of >425 µmol L
-1

 were found to be at significant (p<0.001) risk of seizures originated 

in the temporal and occipital lobe as compared to those without severe 

hyperbilirubinemia. The risk of seizure origination in patients of severe 

hyperbilirubinemia was found to be 80 folds higher as compared to that in patients 

with other diseases (Zhang 2018). 
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3. EXPERIMENTAL 

The present study was planned to find out the more efficient treatment method 

for immediate clearance of bilirubin in artificially induced hyperbilirubinemic 

animals. White New Zealand rabbit was used as an animal model and the study was 

approved by the Institutional Ethical Committee and Board of Advanced Studies and 

Research, Bahauddin Zakariya University, Multan, Pakistan (Appendix-1).  

3.1. Chemicals and Reagents 

All chemicals were analytical grade and used without further purification.  

 

Alkaline phosphatase (ALP) 

assay kit      Cobass, Roche Diagnostics,  

Germany 

Glutamate pyruvate transaminase  

(GPT) assay kit    Cobass, Roche Diagnostics,  

Germany 

Glutamate oxaloacetate transaminase  

(GOT) assay kit    Cobass, Roche Diagnostics,  

Germany 

Bilirubin assay kit    Randox Laboratories, UK  

Ammonium acetate     Sigma Aldrich, USA 

β-estradiol     Sigma Aldrich, USA  

Bilirubin     Sigma Aldrich, USA 

Biliverdin     Sigma Aldrich, USA  

Chloroform     Sigma Aldrich, USA 

Dimethylamine    Sigma Aldrich, USA  

Ethanol      Sigma Aldrich, USA 

Methanol (HPLC grade)    Sigma Aldrich, USA 

Phenyl hydrazine    Sigma Aldrich, USA  

Ursodeoxycholic acid    Sigma Aldrich, USA  

Vanillin     Sigma Aldrich, USA 
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3.2. Equipment 

Biochemistry analyzer   Micro-lab 300, Merck, Germany 

Gamma radiation source  Theratron 780-CY Phoenix, Cobalt 

(Co
60

) Unit, Best Theratronics Ltd., 

Ostowa, Canada. 

Electric grinder  National Juicer Blender and Grinder JPN 

176, Japan 

Hematology analyzer  Abbot Hematology, CELL–DYN, Abbot 

Diagnostics, Emerald 

HPLC  LC-10A vp pump, C-18 reverse phase 

column, CTO-10A vp column oven, 

SPD-10A vp UV-Vis detector, SCL-10A 

system controller, CBM-102 BUS 

module and CLASS LC-10 data system, 

all of SHIMADZU, Japan. 

Micropipette ViPR Ω Mechanical Pipette DX46649, 

E-Chrom Tech Co. Ltd., Taiwan. 

Sample tubes for plasma  EDTA.K3 vacuumed tube, N753490 

IMPROVACUTER
®

 Guangzhou 

Improve Medical Instruments, China 

Sample tubes for serum  Gel and clot activator vacuumed tube, 

Y330984 IMPROVACUTER
®

 

Guangzhou Improve Medical 

Instruments, China  

Syringe  Classic Plus disposable syringe, 

Shandong Zibo Shanchuan Medical 

Instrument Co. China 

Ultrasonic bath    Elma D-78224 Singen/Htw., Germany 

Membrane filters  Syringe Filter 25, Nylon 0.45 µmol 

(Polyamide) SN25P045N, Hyundi Micro  

UV radiation source    8W Philips UV Lamp, Holland  

UV-visible spectrophotometer  UV-1800 SHIMADZU, Japan  
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3.3. Animals 

The previously used animal models for the studies based on bilirubin 

metabolism and hyperbilirubinemia include Sprague-Dawley rat, Gunn rat Wister rat, 

Albino rat, albino mice/mouse and rabbit (Adachi et al. 1985; Joshi et al. 1995; 

Roque et al. 2008; Vera et al. 2009; Lämsä et al. 2012; Darch 2016; Kao et al. 2017). 

Rat and mice, being smaller in size, are good choice of experimental animal model as 

they are economical and easy to handle. However, these animals have very low 

volume of blood and other body fluids. In normal practice, these animals are 

sacrificed to obtain the blood samples and cannot be used in further steps of a 

multistep study. The rabbit, being human friendly, easy to handle, relatively bigger in 

size, contain higher volume of blood, was selected more appropriate for the present 

sequential studies where the blood sampling from the same animal was required over 

a long period of time.  

White male albino rabbits (n = 225, age: 6±1 month, weight: 1.00±0.25 kg) 

were purchased from the local market as per requirement of each phase of the study. 

Before subjecting to experimental procedure the animals were acclimated in natural 

underground environment for one week at 24±5°C, 12h light and dark duration and 

relative humidity (40-60%). The animals were allowed to drink fresh water de labitum 

and fed three times a day on a diet containing blend of different cereals and legumes 

including wheat, maize, barley, chickpea and small pea throughout the study period.  

After the completion of the experiments the animals were allowed to survive on 

natural conditions until their physical death and then buried to dispose of.  

3.4. Experimental Design 

The study was divided into three phases: 1) Induction of hyperbilirubinemia in 

experimental animals, 2) Treatment of hyperbilirubinemia with different methods and 

3) Development and validation of HPLC method for the analysis of bilirubin and its 

gamma degradation products. The flowsheet of the experimental design is presented 

in scheme of study (Figure 3.1) and the experimental details are given in Table 3.1. In 

first trail, three groups of animals were treated with different doses of 

ursodeoxycholic acid and β-Estradiol (UGTase inhibitors) and phenyl hydrazine (PH) 

a hemolytic agent. PH was found to be comparatively more potent inducer of 

hyperbilirubinemia and selected for further study. In preliminary investigation, the 

maximum tolerable dose of PH by the animals was determined using randomly 

allocated to 9 groups, each group consisting of 3 animals. Optimization of the  
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Figure 3.1 Scheme of study 
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Table 3.1 Experimental details of various phases of the study 

Phase of study Treatment/Analysis Experimental protocols 

Induction of 

hyperbilirubinemia 

Selection of the inducer  A trial on β-estradiol, UDCA and PH 

Preliminary selection of  

PH dose 

 Total dose of PH 

 (mg kg
-1 

bw) 

Total duration of 

treatment (h) 

Group 1 (n=9) 10, 20, 40 24, 48, 96 

Group 2 (n=9) 50, 100, 200 48, 96, 192 

Group 3 (n=9) 100, 200, 400 96, 192, 382 

 Dose dependent response of 

bilirubin to PH 

Group 1-5 (n=5 in each) 0, 5, 10, 15, 20, 25  

  Sampling  24 h after last dose  

 Optimization of induction of 

hyperbilirubinemia 
PH dose (mg kg

-1
 bw) 5, 10, 15, 20, 25  

  Number of doses (n) 2, 4, 6, 8, 10  

  Dose interval (h) 12, 24, 36, 48, 60  

  UDCA dose (mg kg
-1

 bw) 1  

  Sampling  24 h after last dose  

Treatment UV-treatment Exposure time (h) 12, 24, 36, 48, 60  

  Sampling  24 h after exposure  

 Herbal treatment Extract dose (mg kg
-1

 bw) 20, 40, 60, 80, 100  

  Total number of doses (n) 5  
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  Dose interval (h) 24  

  Sampling 24 h after last dose  

 Gamma irradiation γ-radiation dose (cGy) 20, 40, 60, 80, 100  

  Sampling 24 h after irradiation  

Analysis Hematology Complete blood count    

 Biochemical Hemoglobin   

 Liver function enzymes  λ=340 nm  

  Serum total bilirubin  λ=540 nm  

 HPLC Development and validation of 

HPLC method for analysis of 

Bilirubin and its degradation 

products 

  

PH: Phenyl hydrazine, UDCA: Ursodeoxycholic acid 
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minimum dose required for maximum level of hyperbilirubinemia was carried out at five 

levels of each of three variables namely: dose of phenyl hydrazine (mg kg
-1

 bw), number 

of doses and dose interval (h) by use of response surface methodology (RSM). In final 

round of induction, hyperbilirubinemia was induced in four groups of animals each 

containing five animals using PH at optimum levels of dose, number of doses and dose 

interval. One group was left untreated as control while the others were treated at five 

doses of C. intybus leaf extract, UV radiation and gamma radiation (one group for each). 

The blood samples were taken after 24 h after last dose of treatment, centrifuged and the 

sera were preserved at -4°C and analyzed for bilirubin and some hepatic enzyme levels.  

3.5. Induction of Hyperbilirubinemia 

3.5.1. Screening of inducers  

In an initial trial of induction, three chemical compounds were tested as the 

inducers of hyperbilirubinemia. 

Reagents 

Phenyl hydrazine (PH) solution (10% w/v) 

PH (10 g) was dissolved in freshly prepared 20% aqueous ethanol solution (50 

mL) and volume was made up to 100 mL. 

Ursodeoxycholic acid solution (10% w/v) 

Ursodeoxycholic acid (10 g) was dissolved in freshly prepared 20% aqueous 

ethanol solution (50 mL) and volume was made up to 100 mL. 

β-estradiol solution (10% w/v) 

β-estradiol (10 g) was dissolved in freshly prepared 20% aqueous ethanol solution 

(50 mL) and volume was made up to 100 mL. 

Procedure 

Three groups of animals were treated with a 25 mg kg
-1

 body weight (bw) dose of 

each of the ursodeoxycholic acid and β-estradiol (as UGTase inhibitors) administered by 

intraperitoneal injection and PH (as hemolytic agent) administered orally. Degree of 

hyperbilirubinemia was measured in terms of total bilirubin above the normal level in 

serum. Among the three chemicals tested, PH was found to be comparatively more potent 

inducer of hyperbilirubinemia (Figure 4.1) and selected for further study. In the second 

trial, hyperbilirubinemia was induced by administration of an oral dose of PH solution 
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immediately followed by an intraperitoneal injection of ursodeoxycholic acid solution (1 

mg kg
-1

 bw) as an inhibitor of bilirubin-UDP-glucuronyl transferase to prevent the 

conjugation of bilirubin with glucuronic acid. A dose-dependent response of serum 

bilirubin level after administration of PH was determined by treating a group of five 

animals with doses of 5, 10, 15, 20 and 25 mg kg
-1

 bw. The dose was repeated three times 

after an interval of 24 h in each case. 

3.5.2. Preliminary screening of tolerable dose of PH 

In order to determine the maximum tolerable dose of PH, the animals were 

randomly allocated to 9 groups each group consisting of 3 animals and were administered 

orally varying amounts of PH solution (10% in 20% ethanol) as detailed in Table 4.1. 

The animals were observed physically after each dose for any change in eye and skin 

color and activity. From this experiment, the doses at which the animals survived were 

selected for optimization process. 

3.5.3. Optimization of PH based induction of hyperbilirubinemia 

Optimization of the minimum dose required for maximum hyperbilirubinemia 

was carried out by use of response surface methodology (RSM). A three-factorial central 

composite design (CCD) was selected as it is well suited for fitting a quadratic surface, 

which is considered to work well for process optimization. It is composed of a core 

factorial that forms a cube with sides that are two coded units in length from -2 to +2. 

There were three variables (factors) namely X1: dose of PH (mg kg
-1 

bw), X2: number of 

doses and X3: dose interval (h) and the response was measured as total serum bilirubin 

(TSB, mg dL
-1

). Each variable was input at five levels in the tolerable range; thus X1 was 

set at 5, 10, 15, 20 and 25 mg kg
-1

 bw, X2 at 2, 4, 6, 8 and 10 and X3 at 12, 24, 36, 48 and 

60 h.  

The coded levels of these variables were calculated by use of expression 1. 

      (1) 

where i and iS
are suitable location and scale factors respectively and Xi is the coded 

value of a variable i ( 1,2,...,i k ). The specific codes of the selected variables were 

calculated using expressions 2-4. 
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     (2) 

        (3) 

       (4) 

The coded values of the variables without replicates with six center points were 

used in the RSM (CCD) routine of software Design Expert (DX9, Stat-Ease, Inc. USA) to 

obtain the design matrix as shown in Table 3.2.  

In the second phase of the study, hyperbilirubinemia was induced in four groups 

of animals, each containing five animals, by oral administration of PH at the optimum 

levels of induction variables (dose of PH, number of doses and dose interval as optimized 

in first phase of the study) and intraperitoneal injection of ursodeoxycholic acid. After 

induction of hyperbilirubinemia the animals were subjected to various treatment methods. 

3.6. Treatment of Hyperbilirubinemia 

 One out of the four groups of hyperbilirubinemic animals was left untreated as 

control while the other three groups were treated with three different treatment methods 

including 1) UV-treatment 2) Herbal treatment, and 3) Gamma irradiation as mentioned 

in experimental design.  

3.6.1. UV-treatment 

The hyperbilirubinemic animals (n = 25) were subjected to UV-treatment using a 

UV-radiation source (8W Philips UV Lamp, Holland). The animals were kept in a 

wooden cabin containing UV-radiation source at a distance of 30 cm. The animals were 

exposed to UV-light at five exposure times (12, 24, 36, 48 and 60 h respectively). The 

treatment was discontinued for 30 min after each 8 h and the animals were removed from 

the cabin and set free for feeding and drinking purpose. Two sets of animals 1) healthy 

(n=5) and 2) hyperbilirubinemic (n=5) were left untreated as normal and 

hyperbilirubinemic control respectively. The blood samples were taken 24 h after 

exposure and sera were subjected to analysis of bilirubin. The experiment was repeated 

for three times. 
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Table 3.2 Coded and actual levels of independent variables as per chosen by CCD 

Std. 
Exp. 

Runs 

Coded levels of variables Actual levels of variables 

X1 X2 X3 
ξ1: Dose of PH 

(mg/kg bw) 

ξ2: Total number 

of doses (n) 

ξ3: Dose 

interval (h) 

1 10 -1 -1 -1 10 4 24 

2 1 1 -1 -1 20 4 24 

3 17 -1 1 -1 10 8 24 

4 20 1 1 -1 20 8 24 

5 14 -1 -1 1 10 4 48 

6 12 1 -1 1 20 4 48 

7 9 -1 1 1 10 8 48 

8 8 1 1 1 20 8 48 

9 2 -2 0 0 5 6 36 

10 3 2 0 0 25 6 36 

11 6 0 -2 0 15 2 36 

12 18 0 2 0 15 10 36 

13 4 0 0 -2 15 6 12 

14 15 0 0 2 15 6 60 

15* 5 0 0 0 15 6 36 

16* 16 0 0 0 15 6 36 

17* 19 0 0 0 15 6 36 

18* 13 0 0 0 15 6 36 

19* 11 0 0 0 15 6 36 

20* 7 0 0 0 15 6 36 

Coded level of variables -2 -1 0 1 2 

Actual levels of variables 
     

ξ1: Dose of PH (mg/kg bw) 
 

5 10 15 20 25 

ξ2: Total number of Doses 2 4 6 8 10 

ξ3: Dose Interval (h) 12 24 36 48 60 

*Center points, CCD: Central composite design 
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3.6.2. Herbal treatment 

3.6.2.1. Preparation of Cichorium intybus leaf extract 

Fresh leaves of C. intybus L. were collected from the local agriculture fields, 

cleaned with distilled water and dried under shade in flow of fresh air till constant weight 

and minimum moisture content (5-8%) at relative humidity 40%. The dried material was 

ground using an electric grinder (National Juicer Blender and Grinder JPN 176, Japan) at 

low speed 1000 rpm to avoid temperature fluctuations. The ground sample was extracted 

in 80% methanol for 24 h at room temperature (25±5°C). The solvent was evaporated and 

dried extract (100 mg mL
-1

) was dissolved in 20% ethanol for treatment of 

hyperbilirubinemia.  

3.6.2.2. Treatment protocol 

The hyperbilirubinemic animals (n = 5), were orally administered with different 

doses of C. intybus extract (20, 40, 60, 80 and 100 mg kg
-1

 bw respectively) using a 

micropipette. The dose was repeated five times after an interval of 24 h. Two sets of 

animals 1) healthy (n = 5) and 2) hyperbilirubinemic (n = 5) were left untreated as normal 

and hyperbilirubinemic control respectively. Blood samples were taken 24 h after the 

administration of last dose and the sera were subjected to analysis of bilirubin. The 

experiment was repeated for three times.  

3.6.3. Gamma irradiation  

The hyperbilirubinemic animals (n = 5) were treated with five doses of Gamma 

radiation (20, 40, 60 80 and 100 cGy kg
-1

 bw respectively) using a Cobalt (Co
60

) Gamma 

source (Theratron 780, CY Phoenix, Cobalt (Co
60

) Unit, Best Theratronics Ltd., Ottawa, 

Canada.) at Multan Institute of Nuclear Medicine and Radiotherapy (MINAR) Multan, 

Pakistan. The animals were fixed on a tray with a specially prepared cotton cloth jacket 

and placed in front of the Gamma source (Figure 3.2). Two sets of animals 1) healthy (n 

= 5) and 2) hyperbilirubinemic (n = 5) were left un-irradiated as normal and 

hyperbilirubinemic control respectively. The blood samples were taken after 24 h of 

irradiation and subjected to analysis of hematological and biochemical parameters. 

Bilirubin solution, prepared in chloroform, was taken as in vitro control and treated with 

similar doses of gamma radiation. The serum from healthy animals, spiked with a known  
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Figure 3.2 Gamma irradiation of experimental rabbit 

 

 

 

 

 

 

 

 



54 
 

concentration of bilirubin, was also irradiated at similar doses. The whole experiment was 

repeated for three times.  

3.7. Blood Sampling 

Blood samples (5 mL) of the control, hyperbilirubinemic, extract treated, and UV 

and gamma irradiated animals were collected before induction of hyperbilirubinemia and 

24 h after each treatment in glass tubes by punching the middle vein of ear with a sterile 

syringe needle (gauge: 22, length: 1.5). A portion of whole blood (2 mL) was taken in gel 

sample tubes (gel and clot activator vacuumed tube, Y330984 IMPROVACUTER
®

 

Guangzhou Improve Medical Instruments, China) and centrifuged at 4000 rpm for 20 

min. The sera were preserved in Eppendorf tubes at -20°C. The sera obtained from UV 

and extract treated animals were subjected to analysis of total serum bilirubin while those 

obtained from gamma irradiated animals were subjected to determination of 

hematological and biochemical parameters and HPLC analysis of bilirubin and its 

degradation products. The remaining blood was preserved in plasma tubes containing 

EDTA as anticoagulant (EDTA.K3 vacuumed tube, N753490 IMPROVACUTER
®

 

Guangzhou Improve Medical Instruments, China) for analysis of hemoglobin, 

erythrocytes and other hematological parameters including hemoglobin, red blood cells 

count, total leukocyte count and platelet count. 

3.8. Biochemical and Hematological Analysis 

3.8.1. Biochemical parameters 

 The sera obtained from control, PH treated, UV treated, extract treated and 

gamma irradiated rabbits were analyzed for some liver associated biochemical parameters 

including serum bilirubin and liver function enzymes.  

3.8.1.1. Serum bilirubin  

Total serum bilirubin (STB) and serum direct bilirubin (DB) were determined by 

Diazo sulfanilic acid method as described earlier (Ichida and Nobuka 1968) using 

bilirubin kit (Randox, UK).  

Test principle 

The test is based on the reaction of bilirubin in sample with diazonium ion 

(formed by the reaction of sulfanilic acid and sodium nitrite) in an alkaline medium. The 

resultant diazo-bilirubin complex can be measured spectrophotometrically at 540-560 nm 
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against blank. For the determination of total bilirubin, caffeine is added to release the 

albumin-bound unconjugated bilirubin (not necessary for direct bilirubin).   

Bilirubin + Diazonium ion    Azobilirubin (colored complex) 

Reagents 

Bilirubin standard solution (10 mg/100 mL) 

Bilirubin (10 mg) was dissolved in methanol 50 mL and volume was made up to 

100 mL. The bilirubin solution thus prepared was diluted with methanol to obtain a 

calibration curve of bilirubin standard. 

Bilirubin assay kit: 

R1  Sulfanilic acid    29 mmol L
-1

  

Hydrochloric acid   0.7 N 

R2  Sodium nitrite    30.5 mmol L
-1

 

R3  Caffeine    0.26 mol L
-1

 

Sodium benzoate   0.52 mol L
-1

   

R4  Tartrate    0.93 mol L
-1

 

Sodium hydroxide   1.9 N  

Sodium chloride  

Procedure 

Serum was defrosted and thermally stabilized at 25°C using a thermos-stabilizer 

and centrifuged at 3000 x g to remove the precipitated proteins. For the determination of 

TSB, the serum (200 µL) was mixed with reagent R1 (1 mL) followed by the addition of 

R2 (50 µL) and R3 (1 mL). The reaction mixture was incubated at 23±2°C for 10 min and 

mixed with R4. The reaction mixture was incubated for further 30 min and absorbance 

was noted at 560 nm using a biochemistry analyzer (Micro lab 300, Merck, Germany). A 

sample blank was also prepared without the addition of R2 and water was use as blank for 

instrument calibration.  

For the determination of DB, the serum (200 µL) was mixed with reagent R1 (1 

mL) followed by the addition of R2 (50 µL) and 0.9% NaCl solution (2 mL). The reaction 

mixture was incubated at 23±2°C for 10 min and absorbance was noted at 560 nm against 

sample blank.  
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Bilirubin concentration (TSB and DB) was calculated as mg dL
-1

 serum from a 

regression equation [Bilirubin (mg) = Abs of sample/6.0191] obtained from a calibration 

curve of bilirubin standard solution (R
2
=0.9933) (Figure 3.3). The degree of 

hyperbilirubinemia induced and clearance of bilirubin was expressed in terms of 

elevation and decline in STB level respectively.  Graphs were plotted between PH dose 

and TSB and DB to verify the inhibition of bilirubin conjugation. The TSB was used as 

response for optimization process and clearance of hyperbilirubinemia. 

3.8.1.2. Liver function enzymes 

Glutamate pyruvate transaminase 

Glutamate pyruvate transaminase (GPT) also known as alanine aminotransferase 

(ALT) was determined in serum by the method recommended by International Federation 

of Clinical Chemistry (IFCC 2002) (Schumann et al. 2002a) using ALT Kit (Cat. No. 

10851132 216, Cobas, Roche Diagnostics, Germany).  

Test principle 

The test is based on the ALT catalyzed transamination of α-ketoglutarate from L-

alanine resulting in the formation of L-glutamate and pyruvate. Pyruvate thus produced 

may further be reduced to L-lactate coupled with the oxidation of NADH to NAD
+
 

catalyzed by lactate dehydrogenase (LDH). The decrease in NADH concentration can be 

measured spectrophotometrically which gives indirect measure of pyruvate production 

proportional to ALT activity.   

 

 

Reagents 

R1 TRIS buffer (pH 7.3)  125mmol L
-1

 

L-alanine    625mmol L
-1

 

NADH (yeast)   0.23mmol L
-1

 

LDH (microorganisms) ≥ 1.5 U mL
-1

 (25 µkat L
-1

) 

R2 α-ketoglutarate  94mmol L
-1
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Figure 3.3 Standard curve of bilirubin 
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Procedure 

The working reagent R1 was prepared by mixing 4 volumes of 125mmol Tris 

buffer pH 7.3 with a single volume of 625mmol L
-1

 L-aspartate followed by the addition 

of LDH (≥1.5 U mL
-1

). The serum (100 µL) was mixed with the working reagent R1 and 

incubated at 37°C followed by the addition of R2 94mmol L
-1

 α-ketoglutarate. The 

contents were mixed well and kept for one minute. The activity of AST (U L
-1

) was 

measured in terms of change in absorbance of NADH at 340 nm using spectrophotometer 

(Micro-lab 300). 

Glutamate oxaloacetate transaminase 

Glutamate oxaloacetate transaminase (GOT) also known as Aspartate 

aminotransferase (AST) was determined by the method recommended by International 

Federation of Clinical Chemistry (Schumann et al. 2002b) using AST Kit: (Cat. No. 

10851124 216, Cobas, Roche Diagnostics, Germany). 

Test principle 

The method is based on the transamination from L-aspartate to α-ketoglutarate 

resulting in the formation of L-glutamate and oxaloacetate. AST activity may be 

determined indirectly by the reduction of oxaloacetate to L-malate and oxidation of 

NADH to NAD
+
 catalyzed by malate dehydrogenase (MDH). The decrease in NADH 

concentration can be measured spectrophotometrically which gives indirect measure of 

oxaloacetate production proportional to AST activity.   

teOxaloaceta  glutamate -L    aspartate -L  ateketoglutar-
AST

  

   NAD   Malate -L  H  NADH  teOxaloaceta
MDH

 

Reagents 

R1 TRIS buffer (pH 7.8)    100mmol L
-1

 

L-aspartate      300mmol L
-1

 

NADH (yeast)     0.23mmol L
-1

 

MDH (porcine heart)     ≥ 0.53 U L
-1

 

LDH (microorganisms)   ≥ 0.75 U mL
-1

 

R2 α-ketoglutarate    75mmol L
-1

 

The working reagent was prepared by mixing 4 volumes of buffer with 1 volume 

of substrate.  
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Procedure 

The working reagent R1 was prepared by mixing 4 volumes of 100mmol L
-1

 Tris 

buffer pH 7.8 with a single volume of 300mmol L
-1

 L-aspartate followed by the addition 

of MDH (≥0.6 kU/L) and LDH (≥0.9 kU/L: to prevent interference from endogenous 

pyruvate). The serum (100 µL) was mixed with the working reagent R1 (1 mL) and 

incubated at 37°C followed by the addition of R2. The contents were mixed well, 

incubated for 5 min and the activity of AST (U L
-1

) was measured in terms of change in 

absorbance of NADH at 340 nm using spectrophotometer (Micro-lab 300).  

Alkaline phosphatase  

Alkaline phosphatase (ALP) was determined using the method recommended by 

International Federation of Clinical Chemistry (IFCC) (Schumann et al. 2011) using ALT 

Kit: (Cat. No. 12173107 122, Cobas, Roche Diagnostics, Germany).  

Test principle 

The test is based on the ALP catalyzed hydrolysis of p-nitro phenyl phosphate 

into phosphate and p-nitro phenol in the presence of magnesium and zinc ions. ALP 

activity can be calculated in proportion to the p-nitro phenol concentration measured 

spectrophotometrically. 

 

Reagents  

R1 2-amino-2-methyl-1-propanol buffer  (pH 10.44)  1.12mol L
-1

   

Magnesium acetate      2.49mmol L
-1

 

Zinc sulfate       0.5mmol L
-1

 

N-(2-hydroxymethyl)-ethylenediamine triacetic acid  2.49mmol L
-1

 

R2 p-nitrophenyl phosphate (pH 8.50)    99.5mmol L
-1

 

Procedure  

The serum was mixed with reagent R1, incubated at 37°C followed by the 

addition of R2. The reaction mixture was incubated for 5 min and ALP activity was 

determined proportional to p-nitrophenol concentration measured at 340 nm using a 

spectrophotometer (Micro-lab 300, Merck, Germany). 
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3.8.2. Hematological parameters 

Hematological parameters including hemoglobin, red blood cells, total leukocyte 

and platelet count of animals before induction, after induction, and after gamma 

irradiation were determined by following the protocols given in the provided hematology 

kit on an automated hematology analyzer (Cell-Dyn 3200 automated hematology 

analyzer, Abbott Diagnostics, Emerald). Graphs were plotted between PH dose, 

erythrocyte count and hemoglobin level to determine the correlation between 

hyperbilirubinemia and hemolytic anemia. 

3.9. High Performance Liquid Chromatographic Analysis of Bilirubin and Its 

Degradation Products 

A high performance liquid chromatography (HPLC) method was developed to 

study the effect of gamma irradiation on in vitro and in vivo bilirubin systems. The 

developed HPLC method was applied to gamma irradiated bilirubin solution in 

chloroform and chloroform extracts of serum obtained from gamma irradiated control 

and hyperbilirubinemic rabbits. The peaks of bilirubin and its gamma radiation induced 

degradation products were identified and their concentration was determined by linear 

regression curve of standard bilirubin solution. The developed method was also validated 

by checking the accuracy and precision of the experiments. 

3.9.1. Development and validation of HPLC method 

Calibration of HPLC system 

HPLC analysis was done using the system consisting of: LC-10AT vp pump, 

SPD-10A vp UV-visible detector, a stainless steel, C-18 (6.0×150 mm) reverse phase 

column, CTO-10A vp column oven, SCL-10A system controller, CBM 102 bus module 

and a data system of class LC-10, all of Shimadzu, Japan. The system was calibrated and 

validated as follows: 

The flow rate was checked by pumping deionized water at room temperature at a 

flow rate of 0.700 cm³ min
-1

. The effluent water was collected in a pre-calibrated 

volumetric flask (50 cm³). The time required for collection of 50cm³ water was recorded 

using a pre-calibrated stop watch. The results obtained were as follows: 

a) Accuracy of flow rate: within ±2.6%;  

b) Precision of flow rate: within ±0.43 % 
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Heat distribution of the column oven was within tolerance limit of ±2°C of the set 

temperature. This was verified with automatic temperature recorder equipped with twelve 

channels. 

Wavelength selection  

The solutions of bilirubin (1 mg dL
-1

) and biliverdin (0.1 mg dL
-1

) and their 

mixture (1:1 v/v) were scanned in a wavelength range of 280-700 nm using a UV-visible 

spectrophotometer (UV-1800 Shimadzu, Japan). The wavelength where the mixture of 

bilirubin and biliverdin solution showed a maximum absorbance was selected for HPLC 

analysis (Figure 4.7).  

Linearity of response 

Ten solutions prepared by serial dilutions were injected and chromatographed. A 

calibration plot (concentration versus area) was obtained using linear regression method. 

Linearity of response was demonstrated with the normal working range of detector for a 

particular substance. 

The linear calibration curves of bilirubin and biliverdin standards were obtained 

by scanning various dilutions of both standards in a concentration range of .0.0076-500 

and 0.000112-10 mg dL
-1

 respectively. The chromatograms were developed and the 

linearity range was determined by plotting the area ratio of standard peaks against 

concentration using linear regression method. 

Signal to noise ratio  

The baseline was recorded under the following conditions using methanol as 

mobile phase and C-18 reverse phase column. 

Wavelengths  400 nm (D2 lamp) 

Attenuation  0 

Flow rate  0.7 cm³ min
-1 

After stabilization of baseline, noise was checked. The noise is amplitude 

expressed in volts, amperes, or absorbance units of envelope of baseline which includes 

all random variations of detector signal, the frequency of which is of the order of 1 or 

more cycles per min. The baseline noise was within 0.02±0.001 × 10
-5

 AU (λmax = 400 

nm, mobile phase in the cell). 

Limit of detection and quantification 
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Limit of detection (LOD) is the concentration or mass flow of a sample component in 

mobile phase that gives a signal equal to twice the noise level. It was calculated from the 

measured sensitivity (S) and noise (N) as follows: 

LOD = 3.3 S/N      (5) 

Limit of quantification (LOQ) was calculated as:  

LOQ = 3.3 × LOD      (6) 

Column efficiency 

The column efficiency was determined by the number of theoretical plates, N, 

calculated by the Eq. 5 and 6: 

N = 16 (t/W)²       (7) 

N = 5.54 (t/Wh)²      (8) 

where t is the retention time of a substance and W is width of peak at its base obtained by 

extrapolating relatively straight sides of peak to its baseline and Wh is the peak width at 

half-height. 

Resolution  

Resolution is defined as the ability of a chromatograph to separate the peaks. The 

resolution, R, of various peaks of standards and samples was determined by following 

equation: 

R = 2 (t2-t1)/(W2+W1)      (9) 

where t2 and t1 are retention times of two components and W2 and W1 are their 

corresponding widths at bases of peaks obtained by extrapolating relatively straight sides 

of peaks to respective baseline. 

Precision and accuracy 

Precision of the developed HPLC method was determined in terms of intra-day 

repeatability and inter-day reproducibility. The experiment was repeated 5 times with the 

standards (1 m dL
-1

) and samples using the optimum chromatographic conditions on the 

same day and after a gap of one month on two different instruments. The precision was 

calculated as the percent variation in the means of repeated and reproduced results from 

those of original ones. The accuracy of the results was determined in terms of the 

closeness of the observed value of the response (in percent) to the true value. Bilirubin 

solution (1 m dL
-1

) was used to check the accuracy of the optimized HPLC method. 
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3.9.2 Selection of mobile phase 

The mobile phase consisted of ammonium acetate buffer, methanol and dimethyl 

amine. The buffer solution of ammonium acetate (0.77 g L
-1

) was made by dissolving 

ammonium acetate in deionized water. Equal volumes of ammonium acetate solution and 

methanol were mixed followed by the addition of dimethyl amine (1.5 mL L
-1

). The 

mixture was homogenized and degassed using an ultrasonic bath (Elma D-78224 Singen, 

Htw. Germany). Various combinations of methanol, ammonium acetate and diethyl 

amine were made to optimize the composition of mobile phase for the separation of peaks 

of bilirubin, biliverdin and vanillin standards (Table 4.10).The optimized composition of 

mobile phase and HPLC conditions were selected as:  

Mobile phase   Ammonium acetate : methanol : diethylamine  

(50mL : 50mL : 150 µL) 

Column oven temperature:  30±1°C 

Flow rate:    0.700 cm³ min
-1

 

Injection volume:   10-20 µL 

Detection wavelength:  400 nm 

3.9.3. HPLC of bilirubin 

3.9.3.1. Preparation of standard solutions 

The stock solutions of bilirubin (2.5 mg dL
-1

) and biliverdin (2.5 mg dL
-1

) were 

prepared by dissolving in mobile phase with the addition of dimethylamine (1.5 µL mL
-

1
). Vanillin solution (internal standard) was prepared by dissolving vanillin (10 mg) in 

mobile phase (100 mL). The standard solutions were used after filtration through a micro 

filter (0.45 µmol). Various dilutions of bilirubin and biliverdin solutions were made 

followed by mixing of vanillin (50 µL) in each dilution. All the solutions were prepared 

freshly and protected from bright light.  

3.9.3.2. Preparation of serum bilirubin extracts 

Prior to analysis of bilirubin, the sera were defrosted and bilirubin, bilirubin 

glucuronides and bilirubin degradation products were extracted in chloroform. The 

chloroform was evaporated to dryness and the extract was dissolved in the mobile phase 

(1 mL) followed by the addition of vanillin (50 µL). The sera and extracts were protected 

from light to avoid the phot oxidation of bilirubin. 
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Procedure  

Equal volumes (20 µL) of standard preparations and sample preparations were 

injected separately and chromatograms were recorded. The responses for the major peaks 

were measured. The retention times for standards and samples were noted. The major 

peaks of chromatogram obtained with standard and major peaks obtained with sample 

were compared. 

3.9.3.3. Identification of peaks by spiking 

The peaks for the internal and external standards in the mixture and serum 

samples were identified by spiking with the standard solutions. 

3.10. Statistical analysis 

The results of serum total bilirubin before induction, and after induction and 

treatment of hyperbilirubinemia were expressed as mean ± standard deviation of five 

parallel replicates. The dose dependent response of bilirubin, liver function enzymes and 

hematological parameters to various treatments was analyzed by taking a regression 

curve. The means were separated by one way analysis of variance (ANOVA) of the data 

using Tukey’s multiple range test in a statistical software (SPSS version 19).  

Optimization of induction of hyperbilirubinemia was carried out by one way 

analysis of variance (ANOVA), and the significance of the model was suggested on the 

basis of p<0.05 and F (lack of fit) > 3.21. Overall 20 experiments were performed as 

suggested by the CCD. The following generalized polynomial regression equation was 

obtained by best fitting the data fitted best in a polynomial response surface quadratic 

model.  

 

where  is the predicted response,  is a constant, and are the regression 

coefficients for the main variable effects, and  are quadratic effects and 

 and  are the interaction effects of variables.  

The significance, accuracy and validity of the applied response surface model was 

determined by calculating lack of fit test (F-ratio) at a probability (p) of 0.05, regression 

coefficients, coefficient of determination, CV and adequate precision in the data.  
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4. RESULTS AND DISCUSSION 

High frequency hyperbilirubinemia in infants as well as adults due to diversity in 

its causes have always been attractive to the researchers to investigate the reliable 

methods for the fast clearance of bilirubin from the body. Among the current methods of 

treatment, phototherapy is the accepted and widely used method for the management of 

hyperbilirubinemia. However, the process of bilirubin clearance by this method is slow 

and requires prolonged exposure to UV radiation. Prolonged duration of phototherapy has 

been also found to be problematic in feeding and urination of neonates. A continuous 

exposure to UV radiation has been also found to increase oxidative stress in neonates 

(Nag et al. 2009). The limitations of phototherapy urge the researchers to investigate 

some quick and more reliable methods for the treatment of hyperbilirubinemia. 

Previously, the in vitro studies have reported the gamma radiolysis of aqueous, alcoholic 

and chloroform solutions of bilirubin in to biliverdin and some other excretable products 

(Iqbal et al. 2001). In continuity of previous studies, we planned to study the gamma 

knife assisted in vivo clearance of bilirubin comparative to phototherapy and herbal 

treatment in artificially induced hyperbilirubinemic rabbit. 

4.1. Induction of Hyperbilirubinemia 

Hyperbilirubinemia was induced in experimental rabbits as a prerequisite for the 

studies on the effect of various treatment methods on the bilirubin clearance from the 

body. In an initial trial, three chemical compounds including ursodeoxycholic acid 

(UDCA) and β-estradiol (UGTase inhibitors administered by intraperitoneal injection) 

and phenyl hydrazine (PH) (a hemolytic agent) were tested for their hyperbilirubinemia 

inducing potential. A statistically significant difference (p = 0.00) was observed in total 

serum bilirubin (TSB) level of the control and the animals treated with inducers of 

hyperbilirubinemia. All of the tested compounds showed a significant increase in serum 

bilirubin level (Figure 4.1) in experimental rabbits. However, PH was found to be the 

potent inducer of hyperbilirubinemia with significantly higher elevation in serum 

bilirubin level as compared to UDCA and β-estradiol. Therefore, PH was selected for 

induction of hyperbilirubinemia in rabbits in the second phase of present study. 
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Figure 4.1 Bilirubin levels of animals before and after treatment with inducers of 

hyperbilirubinemia  

PH: Phenyl hydrazine, UDOCA: ursodeoxycholic acid, BED: β-estradiol 

*The data labels indicate the means±SD of three parallel replicates. 

**The p-value (p<0.05) indicates a statistically significant difference among the means of 

various treatments at 5% confidence interval using Tukey’s multiple range test in one 

way analysis of variance (ANOVA).   
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4.2. Tolerable Dose of Phenyl Hydrazine 

 The results for determination of maximum tolerable dose of PH in the 

experimental animal are given in Table 4.1. In the 27 experiments performed, the animals 

showed safe tolerance in the range dose of PH 50-200 mg kg
-1

 bw distributed into 2-8 

doses repeated at an interval of 24-48 h continued their survival with anemic and 

lethargic responses and some changes in skin and eye color. Based on these observations, 

a range of 20-200 mg kg
-1

 bw distributed in 4-8 doses and repeated after 24-48 h was 

selected to generate reasonable data for statistical optimization. PH induced excess 

hemolysis causes swear anemia which finally leads to death (Berger 2007). It was, 

therefore, necessary to treat experimental animals with tolerable dose of PH while 

working on such animal models. The dose in the range 20-200 mg kg
-1

 bw distributed in 

4-8 doses and repeated after 24-48 h was found to be tolerable and was subsequently 

optimized by RSM. 

 In order to assess the progress of hyperbilirubinemia a dose dependent behavior 

was studied by plotting the TSB and DB separately against the administered dose and the 

results are shown in Figure 4.2 a. An exponential rise in TSB was observed against PH 

dose with high value of regression coefficient (R
2
 = 0.9584) whereas almost a horizontal 

line was exhibited in case of DB (Figure 4.2a). In line with this, the erythrocyte count and 

hemoglobin level decreased with increase in PH dose as shown in Figure 4.2b. 

Hyperbilirubinemia was successfully induced and found to be dose dependent after 

administration of repeated doses (3 times) of PH varying between 5 and 25 mg kg
-1

 bw.  

The results clearly indicate that the induction is dose dependent and free from the 

effect of UDP glucuronosyl transferase. The erythrocyte count and hemoglobin level 

reduced accordingly which established a link between hyperbilirubinemia and hemolytic 

anemia. The elevation in TSB may be attributed to excess release of bilirubin due to PH 

induced hemolysis. It may also be attributed to slow rate of bilirubin conjugation due to 

partial inhibition of UDP-glucuronosyl transferase by uraoswozicholic acid. 
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Table 4.1 Selection of tolerable dose of phenyl hydrazine 

Animal 

groups 

Dose of 

PH (mg/kg 

bw) 

Dose 

Interval 

(h) 

Total 

number of 

doses (n) 

Total dose 

of PH 

(mg/kg bw) 

Total duration 

of treatment 

(h) 

Physical observation 
Tolerance 

by animals 

 

1 

 

5 12 2 10 24 No physical change Survived 

5 12 4 20 48 Slight appearance of yellow 

color of skin and eyes 

Survived 

5 12 8 40 96 Slight change in skin and eye 

color 

Survived 

 

2 

 

5 24 2 10 48 No physical change Survived 

5 24 4 20 96 Slight appearance of yellow 

color of skin and eyes 

Survived 

5 24 8 40 192 Slight appearance of yellow 

color of skin and eyes 

Survived 

 

3 

 

5 48 2 10 96 No physical change Survived 

5 48 4 20 192 No physical change Survived 

5 48 8 40 382 Slight appearance of yellow 

color of skin and eyes 

Survived 

 

4 

 

25 12 2 50 24 Appearance of deep yellow 

color of skin and eyes 

Survived 

25 12 4 100 48 Anemic and lethargic response, 

gray color of skin and eyes due 

Survived 
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to excess hemolysis 

25 12 8 200 96 Swear anemic response, dark 

gray color of skin and eyes due 

to almost complete hemolysis 

Died after 

8th dose 

 

5 

 

25 24 2 50 48 Appearance of deep yellow 

color of skin and eyes 

Survived 

25 24 4 100 96 Appearance of deep yellow 

color of skin and eyes 

Survived 

25 24 8 200 192 Anemic and lethargic response, 

gray color of skin and eyes due 

to excess hemolysis 

Survived 

 

6 

 

25 48 2 50 96 No physical change Survived 

25 48 4 100 192 Appearance of deep yellow 

color of skin and eyes 

Survived 

25 48 8 200 382 Anemic and lethargic response, 

gray color of skin and eyes due 

to excess hemolysis 

Survived 

 

7 

 

50 12 2 100 24 Anemic and lethargic response, 

gray color of skin and eyes due 

to excess hemolysis 

Survived 

50 12 4 200 48 Swear anemic response, dark Died after 
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gray color of skin and eyes due 

to almost complete hemolysis 

4th dose 

50 12 8 400 Not treated   

 

8 

 

50 24 2 100 48 Anemic and lethargic response, 

gray color of skin and eyes due 

to excess hemolysis 

Survived 

50 24 4 200 96 Anemic and lethargic response, 

gray color of skin and eyes due 

to excess hemolysis 

Survived 

50 24 8 400 192 Swear anemic response, dark 

gray color of skin and eyes due 

to almost complete hemolysis 

Died after 

7th dose 

 

9 

 

50 48 2 100 96 Appearance of deep yellow 

color of skin and eyes 

Survived 

50 48 4 200 192 Anemic and lethargic response, 

gray color of skin and eyes due 

to excess hemolysis 

Survived 

50 48 8 400 382 Swear anemic response, dark 

gray color of skin and eyes due 

to almost complete hemolysis 

Died after 

8th dose 
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Figure. 4.2 Dose dependent response of (a) Total serum bilirubin (TSB) and direct 

bilirubin (DB) level, and (b) Erythrocyte count and hemoglobin level of phenyl hydrazine 

treated animals. 
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4.3. Response Surface Analysis and Optimization  

 The experimental values of TSB were used to optimize the procedure for 

induction of hyperbilirubinemia. The experimental values of TSB under the conditions 

suggested by the design are listed in Table 4.2. These data were analyzed using ANOVA 

method; the results are given in Table. 4.3. This analysis indicated that the quadratic 

model selected in this study is significant with F and p values of 7.35 (>3.21) and 0.0022 

(<0.05) respectively. Similarly, dose and number of doses have significant linear effect 

on TSB level. No significant interaction was indicated between the variables, whereas the 

number of doses and dose interval has significant quadratic effect on TSB. The model 

best fitting the experimental data was represented by the following equations. 

 

The summary statistics of the model is given in Table 4.3.  

Variations in TSB in response to a change in dose, number of doses and dose 

interval are presented in three-dimensional (3D) response surface plots (Figure 4.3a-c). 

The model was validated by comparing the predicted values of TSB with experimental 

values (Figure 4.3d). A good agreement (R
2
 = 0.8487, adjusted R

2
 = 0.7506) was found 

to exist between them with a lower value of CV (14.01%) indicating the reliability of the 

model. A higher value of adequate precision (9.97) provided an adequate signal which 

indicates that the suggested model can be used to navigate the design space for 

optimization of hyperbilirubinemia in animals.  

The induction of hyperbilirubinemia was optimized in terms of PH dose, number 

of doses and dose interval by using RSM. The results are presented in Table 4.4. The 

optimum conditions thus suggested by the model are: dose approximately 11.5 mg kg
-1

 

bw, number of equally distributed doses 8 and dose interval 24 h to achieve a TSB level 

of 4.06±0.49 mg dL
-1

. Now an experiment was performed under these suggested 

optimum conditions to validate the optimization process by use of a group of 5 animals. 

The variation in TSB was found to be 3.58±0.47 mg dL
-1

which was close to that 

optimized by CCD. 
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Table 4.2. Experimental values of STB and SDB before and after treatment with PH at 

various levels of independent variables as per selected by CCD  

Standards 
Exp.  

Runs 

Actual levels of variables TSB (mg dL
-1

) 

ξ1: Dose of 

PH (mg kg
-1

 

bw
*
) 

ξ2: Total 

number 

of doses 

ξ3: Dose 

interval 

(h) 

Control 
PH 

treated 
Elevation  

1 10 10 4 24 0.21 1.99 1.78 

2 1 20 4 24 0.33 3.32 2.99 

3 17 10 8 24 0.39 4.84 4.45 

4 20 20 8 24 0.37 5.2 4.83 

5 14 10 4 48 0.3 2.97 2.67 

6 12 20 4 48 0.3 3.21 2.91 

7 9 10 8 48 0.24 3.37 3.13 

8 8 20 8 48 0.31 4.22 3.91 

9 2 5 6 36 0.25 2.11 1.86 

10 3 25 6 36 0.29 5.19 4.9 

11 6 15 2 36 0.31 2.21 1.9 

12 18 15 10 36 0.21 3.31 3.1 

13 4 15 6 12 0.3 3.6 3.3 

14 15 15 6 60 0.38 3.41 3.03 

15 5 15 6 36 0.29 4.24 3.95 

16 16 15 6 36 0.25 3.98 3.73 

17 19 15 6 36 0.35 4.84 4.49 

18 13 15 6 36 0.32 4.93 4.61 

19 11 15 6 36 0.3 4.36 4.06 

20 7 15 6 36 0.31 4.65 4.34 

*bw: body weight, PH: Phenyl hydrazine, TSB: Total serum bilirubin 

 

 



74 
 

 

 

Table 4.3. Analysis of variance (ANOVA) in TSB level in response to input variables  

Source Sum of squares df* Mean square F-value p-value 

β0: Model 15.94 9 1.77 7.35 0.0022 

β1: PH dose 4.73 1 4.73 19.65 0.0013 

β2: No. of doses 4.38 1 4.38 18.18 0.0017 

β3: Dose interval 0.24 1 0.24 1.01 0.3396 

β12  0.011 1 0.011 0.045 0.8369 

β13 0.04 1 0.04 0.17 0.6917 

β23 1.16 1 1.16 4.81 0.0531 

β11 1.02 1 1.02 4.24 0.0666 

β22 4.48 1 4.48 18.59 0.0015 

β33 1.64 1 1.64 6.82 0.026 

Residual 2.41 10 0.24   

Lack of Fit 1.84 5 0.37 3.21 0.1134 

Pure Error 0.57 5 0.11   

Cor Total 18.35 19    

CV 14.3     

R
2
 0.8687     

AdjustedR
2
 0.7506     

Predicted R
2
 0.1355     

Adequate precision 9.97         
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Figure 4.3. a-c) 3D response surface plots of elevation in total serum bilirubin level  in 

response to variation in phenyl hydrazine dose, total number of doses and dose interval d) 

Correlation between the experimental and predicted values of total serum bilirubin levels 

(mg dL
−1

) at selected levels of phenylhydrazine dose, number of doses and dose interval. 
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Table 4.4 Optimum levels of independent variables where the desired level of the response variables is predicted to be 

achieved 

Variables Goal 
Lower 

Limit 

Upper 

Limit 

Optimum Levels 
Desirability 

X1 X2 X3 Y 

Dose of PH  

(mg/kg bw) 
Minimize 5 25 

     

Total number of doses 

(n) 
in range 2 10 

     

Dose interval (h) in range 12 60 
     

Elevation in TSB  

(mg dL
-1

) 
Maximize 1.78 4.9 11.56 8 24.56 4.06 0.7 

         Reproducibility test 

Elevation in TSB  

(mg dL
-1

) 
      

3.58±0.47 
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RSM was successfully used to optimize the conditions for induction of 

hyperbilirubinemia. Initially, the variables were screened by use of CCD; thereby, non-

significant variables were dropped and the experimental data were fitted only to the 

significant variables to obtain the final reduced model. However, the non-significant 

linear terms were included in the final reduced model where the quadratic or interaction 

terms containing these variables were found to be significant. The optimum levels of PH 

dose, number of doses and dose interval were determined as 11.5 mg kg
-1

 bw, 8 and 24 h 

respectively. A dose dependent significant elevation in TSB level of experimental rabbits 

was observed in response to an increase in PH dose. Hyperbilirubinemia may be induced 

in experimental rabbits up to 4.06 mg dL
-1

 elevation in TSB level using 11.56 mg kg
-1

 bw 

PH dose repeated for 8 times at a dose interval of 24 h. The study provides a reliable 

method for induction of hyperbilirubinemia in experimental rabbits using suggested 

optimum levels of process variables. 

4.4. Treatment and Clearance of Hyperbilirubinemia  

The phenyl hydrazine induced hyperbilirubinemic rabbits were subjected to UV 

and herbal treatment and gamma irradiation. The results are presented in Table 4.5, 4.6 

and 4.7 respectively. The induction of hyperbilirubinemia in four groups of rabbits at 

optimum dose of phenyl hydrazine resulted in 8-16 folds elevation in serum total 

bilirubin (STB) level ranging from 2.94±0.29 to 4.057±0.78 mg dL
-1

. The time/dose 

dependent response of STB clearance against the selected treatment method is shown in 

Figure 4.4 a-c. The Gamma radiotherapy of hyperbilirubinemia resulted in a statistically 

significant dose dependent decrease (p<0.05) in STB level. Phototherapy by UV radiation 

also showed a significant decrease in STB level in response to increase in exposure time. 

However, the dose dependent response of bilirubin clearance of rabbits subjected to 

herbal treatment was found to be nonsignificant (p>0.05). The clearance of 

hyperbilirubinemia was found to be comparatively high (32-75%) in gamma radiotherapy 

among the selected treatment methods followed by that in UV treatment (27-56%) and 

lowest in herbal treatment (28-32%).  

The results for clearance of bilirubin by phototherapy agree to those reported 

earlier. It has been found that phototherapy results in the conversion of bilirubin into its 

photo-isomers including EZ-cylobilirubin, ZZ-bilirubin and ZE-bilirubin which are   
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Table 4.5. Bilirubin clearance and serum total bilirubin level of study groups subjected to UV-treatment 

Sample 
TSB (mg dL

-1
) UV Treatment 

time  (h) 

TSB (mg dL
-1

) Clearance of TSB 

(%) Before PHT
*
 After PHT 24 h after last dose 

Untreated control 0.250±0.12 
  

0.26±0.08 
 

PH treated control  3.95±0.30
ab 

 3.40±0.83
 

14.00±2.56 

UVT-HB 

  0 3.40±0.830
a 

14.00±2.56
e 

0.26±0.02
ab** 

4.07±0.31
a 

12 2.95±0.195
a 

27.28±1.72
d 

0.28±0.03
ab 

3.39±0.24
d 

24 2.21±0.215
b 

34.87±2.48
c 

0.17±0.15
b 

3.52±0.20
cd 

36 1.74±0.134
b 

50.47±3.05
b 

0.30±0.02
a 

3.60±0.23
bcd 

48 1.90±0.150
b 

47.80±3.78
b 

0.22±0.02
ab 

3.81±0.18
abc

 60 1.70±0.132
b 

55.42±2.54
a 

p-value 0.164 0.003  0.00 0.00 

*
TSB: total serum bilirubin, PHT: Phenyl hydrazine treated, UVT-HB: UV treated hyperbilirubinemic 

**
The results are presented as means±SD. The means labeled with same alphabets in the same column are statistically similar 

at 95% confidence level (p≤0.05) by one way analysis of variance (ANOVA) using Duncan’s multiple range test (SPSS 

version 21). 
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Table 4.6. Bilirubin clearance and serum total bilirubin level of study groups subjected to herbal treatment 

Treatment method 
TSB (mg dL

-1
) CIED  

(mg kg
-1

 bw)  

TSB (mg dL
-1

) Clearance of TSB 

(%) Before PHT
*
 After PHT 24 h after last dose 

Untreated control 0.25±0.12ab
**

 
  

0.26±0.08 
 

PH treated control  3.95±0.30
a 

 3.40±0.83
 

14.00±2.56 

CIET-HB 

  0 3.40±0.83
a 

14.00±2.56
c 

0.26±0.02
ab 

3.40±0.25
b 

20 2.44±0.15
b 

28.31±1.83
ab 

0.32±0.01
a 

3.01±0.31
c 

40 2.14±0.13
b 

28.97±1.87
ab 

0.26±0.03
ab 

2.99±0.29
c 

60 2.19±0.12
b 

26.76±2.76
b 

0.24±0.02
b 

2.98±0.39
c 

80 2.03±0.21
b 

31.77±2.17
a 

0.31±0.03
ab 

3.50±-0.45
b 

100 2.38±0.22
b 

31.86±2.20
a 

p-value 0.109 0.06  0.00 0.00 

*
STB: serum total bilirubin, PHT: Phenyl hydrazine treated, CIET-HB: Cichorium intybus extract treated hyperbilirubinemic, 

CIED: Cichorium intybus extract dose 

**
The results are presented as means±SD. The means labeled with same alphabets in the same column are statistically similar 

at 95% confidence level (p≤0.05) by one way analysis of variance (ANOVA) using Duncan’s multiple range test (SPSS 

version 21). 
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Table 4.7. Bilirubin clearance and serum total bilirubin level of study groups subjected to gamma irradiation 

Treatment method 
TSB (mg dL

-1
) Treatment 

time/dose 

TSB (mg dL
-1

) Clearance of TSB 

(%) Before PHT
*
 24 h After PHT 24 h after GRD 

Untreated control 0.25±0.12
a** 

  
0.26±0.08 

 
PH treated control  3.95±0.30  3.40±0.83 14.00±2.56 

GI-HB 

  GRD (cGy)   

  0 3.40±0.83 14.00±2.56 

0.19±0.07
b 

3.33±0.32 20 2.11±0.34 36.66±2.35 

0.18±0.12 3.03±0.64 40 1.76±0.29 41.91±2.19 

0.14±0.06 2.94±0.46 60 1.55±0.16 47.16±3.71 

0.15±0.05 3.53±0.99 80 1.25±0.32 64.50±4.20 

0.21±0.04
ab 

3.47±0.73 100 0.82±0.15 77.26±5.85 

p-value 0.094 0.178  0.00 0.00 

*
STB: serum total bilirubin, PHT: Phenyl hydrazine treated, GRD: gamma radiation dose, GI-HB: Gamma irradiated 

hyperbilirubinemic 

**
The results are presented as means±SD. The means labeled with same alphabets in the same column are statistically similar 

at 95% confidence level (p≤0.05) by one way analysis of variance (ANOVA) using Duncan’s multiple range test (SPSS 

version 21). 
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Figure 4.4 Clearance of total serum bilirubin (TSB) in hyperbiirubinemic rabbits in 

response to a) UV exposure time, b) C. intybus extract dose and c) gamma radiation dose 

*Values are statistically different at 95% confidence level (p≤0.05) by one way analysis 

of variance (ANOVA).  
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excreted in bile and urine (ONISHI et al. 1986; Rehak et al. 2008; Stanojević et al. 

2015). Previously, the in vitro studies on gamma radiolysis of bilirubin in aqueous, 

alcoholic and chloroform solution have reported that gamma irradiation results in 

degradation of bilirubin into biliverdin, a non-toxic product (Iqbal et al. 2001). These 

findings were sported by following studies (Pillay and Salih 2003; Salih and Pillay 

2004a, 2004b). In continuity of the previous studies, we performed the high performance 

liquid chromatography (HPLC) of serum bilirubin of the study groups subjected to 

gamma radiotherapy to investigate the gamma radiation induced in vivo transformation of 

bilirubin, which increased its clearance from the animal body up to 75%. 

4.5. Liver Function Enzymes 

 As discussed above, the gamma radiation was found to be most effective in the 

treatment of hyperbilirubinemia as compared to herbal and UV treatment. However, 

exposure to gamma radiation has been known to cause various abnormalities in human 

body. Although the dose of gamma radiation for the clearance of bilirubin was selected 

within the safe limits yet it was thought necessary to study the effect of selected range of 

gamma radiation dose on the function of some hepatocellular enzymes and hematological 

parameters. Therefore, the liver function enzymes including glutamate pyruvate 

transaminase (GPT), glutamate oxaloacetate transaminase (GOT) and alkaline 

phosphatase (ALP) of the control, phenyl hydrazine treated and gamma irradiated study 

groups were also analyzed to investigated the possible effects of PH and gamma radiation 

on liver and hematological function. The results are presented in Table 4.8. ALT, AST, 

and ALP level of the control group before and after gamma irradiation ranged from 

28.6±15.09 to 35.4±8.11, 38.6±6.73 to 44±18.67 and 113±21.61 to 127.6±26.87 UL
-1

 

respectively. The level of studied enzymes in PH treated group before and after gamma 

irradiation were found to be in a range of 31.6±12.18-37.4±16.65, 38.2±17.99-

48.2±13.42, and 116.2±17.09-134.4±35.78 UL
-1

 respectively. The results obtained from 

the control group before and after irradiation fall in the ranges (GPT: 10-45, GOT: 10-

120 and ALP: 4-20 UL
-1

) reported earlier in rabbits (Hewitt et al. 1989; Özkan et al. 

2012).  
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Table 4.8 Liver function enzymes levels of control, hyperbilirubinemic and gamma 

irradiated groups of animals 

 GRD
*
 (cGy) Control Hyperbilirubinemic 

GPT (U L
-1

) 

0 30.99±6.02
** 

36.22±12.21 

20 28.64±13.94 35.24±11.68 

40 34.28±8.32 33.01±11.60 

60 35.40±7.71 35.54±14.41 

80 33.21±10.27 31.63±9.35 

100 34.80±7.98 34.75±8.18 

p-value 0.882
*** 0.994 

GOT (U L
-1

) 

0 41.8±13.52 48.21±13.42 

20 44.03±17.43 47.20±22.72 

40 41.20±15.47 43.61±12.76 

60 38.60±6.91 38.85±15.51 

80 40.80±12.90 41.23±44.41 

100 39.60±11.42 38.20±17.99 

p-value 0.995 0.892 

ALP (U L
-1

) 

0 113±24.21 36.22±12.21 

20 126.20±26.50 134.42±38.53 

40 128.00±11.60 116.21±20.24 

60 127.60±29.50 125.22±24.50 

80 123.80±28.68 124.00±11.70 

100 125.8±25.49 117.40±25.78 

p-value 0.930 0.920 

*
GRD: Gama radiation dose, GPT: Glutamate pyruvate transaminase, GOT: Glutamate 

oxaloacetate transaminase, ALP: Alakaline phosphatase 

**
Mean±standard deviation  

***
p>0.05 indicates no significant variation in data at 95% confidence level by one way 

analysis of variance. 
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Figure 4.5 Response of liver function enzymes of control and hyperbilirubinemic rabbits 

to gamma radiation dose: a) GPT, b) GOT, c) ALP 

*
The error bars indicate the standard deviation of five replicates and the means are 

statically similar at 95% confidence level by one way analysis of variance (ANOVA).  
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Statistically no significant variation (p>0.05) in the level studied liver function 

enzymes was observed among the control, PH treated and gamma irradiated group. 

Although, PH resulted in a slight elevation in the studied enzyme level but found 

statically not significant. Gamma irradiation of the control and PH treated groups did not 

result in any significant change in the studied enzyme as compared to their respective 

controls. The data suggests that the gamma irradiation of both the healthy and 

hyperbilirubinemic animals at the selected range of gamma radiation dose is safe towards 

the liver function enzyme. The data also suggests that the use of selected dose of gamma 

radiation for an immediate clearance of bilirubin in the patients suffering from neonatal 

hyperbilirubinemia and hepatitis would be safe for hepatocellular enzymes. 

4.6. Hematological parameters 

Hematological parameters including hemoglobin (Hb), red blood cells (RBC), 

total leukocyte count (TLC) and platelet count (PLC) of the control, PH treated and 

gamma irradiated groups of animals were analyzed to study the possible harmful effects 

of gamma radiotherapy on these parameters. The results are presented in Table 4.9. Hb, 

RBC, TLC and PLC of the control group before and after gamma irradiation ranged from 

10.54±0.66 to 10.4±0.64 g dL
-1

, 5.01±0.22 x 10
6
 to 5.442 ±0.32 x 10

6
 µL

-1
, 8.732±1.19 x 

10
3
 to 9.498±1.49 x 10

3 
µL

-1
 and 309.4±75.08 x 10

3
 to 466.2±121.42 x 10

3 
µL

-1
 

respectively. These values were found to be in normal range of respective parameter 

reported in literature (Hewitt et al. 1989; Özkan et al. 2012). The level of the said 

parameters in PH treated group before and after gamma irradiation were found to be in a 

range of 7.26±1.22-9.04±0.53 g dL
-1

. 2.696±0.46 x 10
6
-3.8±0.69 x 10

6
, 4.002±0.56 x 10

3
-

6.34±0.56 x 10
3
, and 410.4±91.98 x 10

6
-383.6±54.30 x 10

6
 respectively. The levels of the 

studied hematological parameters were found to be in the ranges (TLC: 4-10 x 10
3 

µL
-1

, 

PLC: 250-650 x 10
3
 µL

-1
) reported earlier in rabbits. 

A statistically significant decrease in Hb, RBC and TLC was observed between 

the control and PH treated group. This decrease in Hb and blood cell count may be 

attributed to the hemolytic activity of PH. Gamma irradiation of the control and PH 

treated groups did not result in any significant change in the studied hematological 

parameters as compared to their respective controls. However, the hematological 

parameters disturbed during PH treatment were found to be improved 24 h after gamma  
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Table 4.9 Hematological parameters of control, hyperbilrubinemic and gamma irradiated groups of animals 

GRD
*
 

(cGy) 

Hb (g dL
-1

) RBC (x 10
6
) TLC (x 10

3
) Platelets (x 10

3
) 

Control 
Hyper-

bilirubinemic 
Control 

Hyper-

bilirubinemic 
Control 

Hyper-

bilirubinemic 
Control 

Hyper-

bilirubinemic 

0 10.54±0.67
** 

7.26±1.28 5.44±0.48 2.70±0.42 8.73±1.29
 

4.52±0.91 466±118 410±92 

20 11.00±1.30 9.60±0.89 5.20±0.45 3.8±0.34 8.80±0.68 6.30±0.43 352±123 355±73 

40 10.50±1.09 8.80±0.78 5.93±0.39 4.00±0.29 10.40±1.17 5.70±0.47 397±108 408±113 

60 11.02±1.50 8.30±0.95 5.34±0.43 3.70±0.17 10.60±1.09 7.01±1.08 404±141 343±97 

80 9.65±0.80 9.00±0.86 5.58±0.38 3.6±0.26 9.25±0.85 6.80±0.58 326±96 414±140 

100 9.90±0.89 9.52±0.90 5.16±0.42 3.90±0.19 8.44±0.78 5.92±0.49 348±136 438±129 

p-value 0.228
*** 

0.117 0.086 0.092 0.426
*** 

0.067 0.86 0.92 

*
 GRD: Gamma radiation dose, Hb: Hemoglobin, RBC: Red blood cells 

**
Mean±standard deviation  

***
p>0.05 indicates no significant variation in data at 95% confidence level by one way analysis of variance. 
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Figure 4.6 Response of hematological parameters of control and hyperbilirubinemic 

rabbits to gamma radiation dose: a) Hemoglobin level, b) Red blood cell count, c) Total 

leukocyte count d) Platelet count 

*
The error bars indicate the standard deviation of five replicates and the means are 

statically similar at 95% confidence level by one way analysis of variance (ANOVA). 
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irradiation. This improvement may not be attributed to gamma irradiation rather it may be 

a routine wise physiological recovery after a time dependent release of PH from the body. 

The data suggests that the gamma irradiation of bot the healthy and hyperbilirubinemic 

animals at the selected range of gamma radiation dose is safe towards the studied 

hematological parameter and can be effectively used for the treatment of 

hyperbilirubinemia. 

4.7. High performance liquid chromatography  

 In the light of the results discussed above, it is clear that each of the studied 

method of treatment of hyperbilirubinemia showed a significant effect on bilirubin 

clearance in artificially induced hyperbilirubinnemic rabbits. However, gamma 

irradiation was fond to be more effective than UV and herbal treatment. This method has 

been also proved to be safe for hematological parameters and liver function at the 

selected dose of gamma radiation. Previously, the high performance liquid 

chromatography has been used to study the in vitro and in vivo photo degradation of 

bilirubin into its excretable photo isomers. In continuity of these experiments, an HPLC 

analysis of bilirubin and its gamma radiolysis products was performed to understand the 

possible mechanism of gamma radiation assisted bilirubin clearance.   

4.7.1. Development and validation of an HPLC method  

The HPLC method for the separation and quantification of bilirubin and its 

radiolysis products after gamma irradiation of bilirubin solution and control and 

hyperbilirubinemic animal was developed and validated according to the International 

Conference on Harmonization (ICH) guidelines (Guideline 2005). 

4.7.1.1. System calibration  

All the components of HPLC system were calibrated according to the instructions 

provided in the instruction manual of HPLC system, which was tested occasionally 

during the study period. No major breakdown or damage to the equipment occurred 

during the entire study. However, the routine service and the maintenance of HPLC 

system were carried out as per the schedule of the laboratory. 

4.7.2. Bilirubin and biliverdin assay 

An appropriate mobile phase is that which give good peaks resolution, peaks 

width and flow rate. A mobile phase composed of methanol-ammonium acetate mixture 
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with addition of small amount of diethyl amine was selected for HPLC analysis of 

bilirubin and biliverdin standards in the presence of vanillin as internal standard. Overall, 

seven different compositions of mobile phase were tested at different flow rates and 

temperatures to find out a suitable compromise of retention time, peak width and peaks 

resolution. The peak resolutions obtained from seven different compositions of mobile 

phase at varying concentrations of ammonium acetate, methanol and dimethylamine at 

30°C with a 0.7 cm
3
 min

-1
flow rate, are given in Table 4.10. The optimization of HPLC 

conditions was also carried out by varying the oven temperature (25, 30 and 35°C) and 

flow rate of mobile phase in the column (0.5, 0.7 and 1 cm
3
 min

-1
). The mobile phase 

composition 50 mL : 50 mL : 150 uL (Ammonium acetate : Methanol : Dimethylamine) 

and a temperature of 30°C with a flow rate of mobile phase 0.7 cm
3 

min
-1

 were found to 

be more suitable for better resolution and good retention time for bilirubin and biliverdin. 

These conditions were used to set the baseline for subsequent studies. For selection of 

detector wavelength, UV-visible absorption spectra of bilirubin, biliverdin and their 

mixture were taken (Figure 4.7). Bilirubin showed maximum absorbance at 440 nm while 

biliverdin a peak of maximum absorbance at 385 nm along with a short peak at 678 nm. 

The UV-visible spectrum of the mixture of bilirubin and biliverdin showed λmax at 400 

nm which was used baseline setting with a minimum value of signal to noise ratio (S/N). 

The chromatogram showing the baseline using the optimized mobile phase composition 

and selected wavelength is given in (Figure 4.8). The observed value of S/N for bilirubin 

and biliverdin was found to be 0.0031 and 0.0056 respectively.  

The analysis was carried out using the external standard method as well as 

internal standard method to improve the precision of the experiments. After trying a 

number of organic compounds on the basis of structural resemblance to that of bilirubin, 

vanillin was found to be a good internal standard with minimum retention time and better 

peak resolution in the presence of external standards. On account of its low retention 

time, vanillin was found to show minimum interference with the analytes. In presence of 

vanillin, the precision of the HPLC trials was found to be improved (CV: inter day Rt = 

0.19%). A typical chromatogram of bilirubin, biliverdin and vanillin standards showing 

their retention time, and peak resolution is presented in Figure. 4.9. 
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Table 4.10. Selection mobile phase composition, flow rate and temperature on the basis of performance  

Runs 

Solvent ratio 

Temp. (°C) 
Flow rate 

(mL min
-1

) 
Resolution AA : Methanol : DEA 

(mL : mL: uL) 

1 40 : 60 : 100 30 0.7 Resolution of external standard peaks was not good. Bilirubin 

peak was broad with retention time more than 15 min. 

2 50 : 60 : 100 30 0.7 Resolution of external standard peaks was not good. The 

bilirubin peak showed tailing with a retention time more than 

10 min. 

3 50 : 50 : 100 30 0.7 Retention time of bilirubin standard peak was decreased to 10 

min but beak resolution was not satisfactory. 

4 50 : 40 : 100 30 0.7 Retention time of standard peak is further decreased but the 

standard peaks of bilirubin and biliverdin were diffused. 

5 60 : 40 : 100 30 0.7 Standard peaks of bilirubin and biliverdin were diffused into a 

broad peak 

6 50 : 50 : 50 30 0.7 The peaks of the external standard were difused with tailing 

and the peak height was also decreased   

7 50 : 50 : 150 30 0.7 The peaks of both internal and external standards show good 

resolution with a retention of internal standard 3.89 min, 

biliverdin 5.6 min and bilirubin 8.68 min. 
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8 50 : 50 : 150 25 0.7 The peaks were shifted towards right 

9 50 : 50 : 150 35 0.7 The peaks were shifted towards left 

10 50 : 50 : 150 30 0.5 The retention time of the standard peaks was increased and the 

peaks showed tailing  

11 50 : 50 : 150 30 1 The retention was decreased and intepeak distance was also 

decreased  

Optimum 50 : 50 : 150 30 0.7 A good compromise between the retention time peak 

resolution and number of theoretical plates was observed  
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Figure 4.7 UV-visible spectra of bilirubin, biliverdin and their mixture 
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Figure 4.8 Baseline of mobile phase at 400 nm wavelength 
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The standard peaks were confirmed by sequential dilution and spiking of bilirubin 

and biliverdin (Figure 4.10). A very good resolution of peaks (1.5-2.8 min) was observed 

for the simultaneous analysis of an internal standard and two external standards. 

Comparatively, vanillin was found to elute first from the column with a retention time of 

3.89 min followed by biliverdin at 5.67 min and bilirubin at 8.68 min (Table 4.11).  

The standard regression curves of bilirubin and biliverdin were obtained by 

analyzing various dilutions of bilirubin and bilverdin in a concentration range of 0.0075-

500 and 0.000112-10 mg dL
-1

 respectively (Figure 4.11a-d). The mean peak area ratio 

was plotted versus standard concentration and linearity of the response was measured. 

Both the bilirubin and biliverdin showed logarithmic curve at higher concentration. 

Bilirubin showed a linear curve in a concentration range of 0.0075-62.5 mg dL
-1

 with a 

slope 35.901, an intercept 0.1469 and a relatively high value of correlation coefficient 

(R²) 0.9973 (Figure 4.11b). The linearity curve of biliverdin was found to be in a 

concentration range of 0.015-8.2 mg dL
-1

 with a slope 0.0334, an intercept -0.0476 and 

correlation coefficient 0.9979 (Figure 4.11d). Relatively higher value of R
2
 indicates 

higher degree of fitness of the data to the regression line and precision of the method. 

This shows an excellent detector response in the range under study. The sensitivity and 

suitability of the developed method for the determination of bilirubin in biological 

samples was tested by determining its limit of detection (LOD) and limit of quantification 

(LOQ). The LOD for bilirubin and biliverdin were found to be 0.01 mg dL
-1

 and 0.017 

mg dL
-1

 while the LOQ was found to be 0.033 and 0.0561 mg dL
-1

 
 
respectively. 

The low LOD and LOQ of the studied responses indicate that the developed 

method is highly sensitive for the detection and quantification of bilirubin and its 

degradation products. The observed LOD and LOQ also advocate the suitability of the 

developed method for biological samples containing low levels of bilirubin, their 

metabolites and degradation products than their normal physiological ranges. 
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Figure 4.9 Typical chromatograms of a) Bilirubin, b) biliverdin, c) vanillin d) mixture of 

bilirubin and vanillin, e) mixture of biliverdin and vanillin and f) mixture of bilirubin, 

biliverdin and vanillin 
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Figure 4.10 Chromatograms for standard peaks the confirmation of standard peaks by 

dilution and spiking a-c) dilution of bilirubin d-f) spiking with bilirubin, g-i) spiking with 

biliverdin 
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Table 4.11. Chromatographic parameters of standards substances. 

Peak Rt Area Resolution 

Correlation 

Coefficient 

(R
2
) 

Slope 
Intercept at 

zero conc. 

Conc. range 

(mg dL
-1

) 

Theoretical 

plates (m
-1

) 
LOD LOQ 

Bilirubin standard 8.69 671808 1.35 0.9973 35.901* -0.1469 0.015-62.50 7160 0.015 62.5 

Biliverdin standard 5.72 5530 1.03 0.9974 0.0339 -0.1318 0.015-250 6224 0.015 250 

Vanillin (internal 

standard) 
3.89 394123 1.84 0.9994 15294 7101 0.015-62.50 856 0.03 62.5 

*Slope and intercept of bilirubin and biliverdin were calculated from the peak area ratio while those of vanillin were calculated from 

the peak area of vanillin.  
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4.7.3. Validation of HPLC method 

Accuracy and precision  

The validity of the developed HPLC method was checked by determining the 

accuracy and precision of the experimental results. The accuracy was measured in terms 

of prevent recovery on intra-day repeatability of the results while the precision was 

measured in terms of the relative standard deviation or (RSD) of intra-day repeatability as 

well as inter-day reproducibility of the experiments. The accuracy of the results for 

bilirubin and biliverdin solutions was fund to be in the range of 85-93%. The RSD for 

intra-day repeatability and inter-day reproducibility of the experiments on bilirubin and 

biliverdin solutions and serum of healthy rabbits was observed to be in the range of 3.3 to 

17.65% and 5.26-21.05% respectively (Table 4.12). The relatively high value of percent 

recovery and low value of RSD advocate the accuracy and precision of the developed 

HPLC method for the determination of biliverdin and its degradation products of 

bilirubin in biological samples subjected to gamma irradiation and other treatments.  

4.7.4. Analysis of gamma irradiated solution of bilirubin  

The HPLC analysis of bilirubin and its in vitro degradation products in control 

and gamma irradiated solution of bilirubin (1 mg dL
-1

 in chloroform) was performed. The 

HPLC chromatogram showed overall 5 peaks other than the peaks of bilirubin and 

vanillin. These peaks appeared at retention time 5.6, 5.2, 4.3 12.25 and 13.5 min. The 

peat at 5.6 min was identified as biliverdin while the other peaks remained unknown. The 

gamma radiation resulted in a decrease in the peak area of bilirubin, and an increase in 

that of biliverdin along with the emergence of some new peaks (Figure 4.12). A dose 

dependent significant (p<0.05) exponential decrease in bilirubin concentration and a 

linear increase in concentration of biliverdin and other degradation products eluted at 

retention time 5.2 and 4.3 min were observed (Figure 4.13). However, the variation in the 

degradation products eluted after bilirubin at retention time 12.3 and 13.5 min was not 

significant. The chromatographic parameters of the bilirubin and its degradation products 

are given in Table 4.13. The appearance of new peaks in the chromatogram provides an 

evidence of gamma radiation induced degradation of bilirubin into biliverdin and some 

unknown products. The appearance of new peaks before that of bilirubin suggests that the 

gamma irradiation of bilirubin solution resulted in the conversion of bilirubin in to more 
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polar and hydrophilic products which are eluted earlier than bilirubin in a reverse phase 

HPLC column. The gamma radiation induced decrease in bilirubin concentration was 

inversely correlated with an increase in the concentration of its degradation products.  

4.7.4. Analysis of gamma irradiated serum spiked with bilirubin 

The chloroform extract of the serum obtained from control group of animals was 

spiked with bilirubin to identify and confirm the location of standard peaks. The HPLC 

chromatograms showed that the sera obtained from control group showed over all four 

peaks at retention time 3.5, 3.87, 4.3 and 8.3 min. The peaks at 3.87 and 8.43 min were 

identified as vanilin and bilirubin respectively (Figure 4.14a). Spiking of control with 

bilirubin resulted in an increase in the area and height of the bilirubin peak at retention 

time 8.34 min (Figure 4.14b). The control and the bilirubin-spiked sera were subjected to 

gamma irradiation at a dose of 50 cGy. The chloroform extracts of gamma irradiated sera 

were also analyzed by HPLC to locate and confirm the in vitero degradation products of 

bilirubin in serum. HPLC analysis of gamma irradiated control and bilirubin spiked sera 

showed a decrease in area and height of the bilirubin peak and an increase in the area of 

unknown peak at 4.3 and 5.2 min (Figure 4.14c, d).  

4.7.5. Analysis of sera of gamma irradiated rabbits 

The chloroform extracts of the sera obtained from the control, hyperbilirubinemic and 

gamma irradiated groups of animals were also subjected to HPLC analysis. The HPLC 

chromatogram of serum from untreated hyperbilirubinemic rabbit showed five peaks 

other than those of bilirubin and vanillin. These peaks appeared at retention time 3.53, 

5.2, 5.6, 12.3 and 13.4 min. The peak at 5.6 min was identified as biliverdin while the 

remaining peaks were found to be unknown. The HPLC chromatogram of sera obtained 

from gamma irradiated hyperbilirubinemic rabbits also showed overall 6 peaks other than 

those of bilirubin and vanillin at retention time 3.53, 4.3, 5.2, 5.6, 12.3 and 13.5 min 

along with a shoulder peak at 4 min. The gamma irradiation resulted in a significant 

decrease in that the peak area of serum bilirubin, an increase in the area of biliverdin peak 

and that of the unknown peaks appeared at 3.53, 4.3 and 5.2 min. However, the gamma 

irradiation induced variation in the area of unknown peaks at 12.3 and 13.5 min was 

found to be non-significant (Figure 4.15a-f). The chromatographic measurements of 

bilirubin and its radiolysis products in the sera of control and gamma irradiated 
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hyperbilirubinemic rabbits are given in Table 4.14. A significant (p<0.05) dose dependent 

decrease in bilirubin concentration and an increase in the concentration of biliverdin and 

the unknown products was observed in sera of gamma irradiated rabbits (Figure 4.16a-f). 

The decrease in bilirubin concentration and increase in the concentration of biliverdin and 

unknown products may be associated with the gamma irradiation induced in vivo 

degradation of bilirubin in to biliverdin and other products. The emergence of new peaks 

at retention time less than that bilirubin (unknown peak 1, 2 and 3 at retention time 3.4, 

4.3 and 5.2 min respectively) suggests the formation of some more polar hydrophilic 

compounds which were eluted prior to bilirubin. The fast decrease in bilirubin 

concentration in response to increase in gamma irradiation dose and the formation of 

some more polar hydrophilic products provides an evidence for the rapid clearance of 

hyperbilirubinemia in gamma irradiated hyperbilirubinemic rabbits. The results were 

found to be in agreement to those for in vitro radiolysis of bilirubin solution.  

In evidence to the present results the present study suggests the use of gamma 

irradiation for effective clearance of bilirubin in human. It also suggests the use of the 

developed HPLC method for studying the bilirubin metabolism, causes of 

hyperbilirubinemia, its treatment and the fate of metabolic intermediates and degradation 

products of bilirubin. 
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Figure 4.11 Linearity curves of standards: a) and b) bilirubin and c) and d) biliverdin  
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Table 4.12. Parameters for validation of the HPLC method developed for determination of bilirubin and its degradation products 

Analyte 

Conc. (mg dL
-1

) 
Accuracy 

(% Recovery) 

Precision 

Initial 
Repeated 

(n=6) 

Reproduced 

(n=3) 

Intra-day 

RSD (%)  

Inter-day  

RSD (%) 

Standard bilirubin 

solution  

0.5 0.45±0.06 0.44±0.04 90.00 12.00 9.09 

1 0.91±0.03 0.92±0.06 91.00 13.33 6.52 

2 1.87±0.07 1.90±0.10 93.50 3.30 5.26 

Standard biliverdin 

solution 

0.2 0.17±0.05 0.16±0.02 85.00 3.74 12.5 

0.4 0.35±0.04 0.32±0.03 87.50 17.65 15.00 

0.8 0.73±0.09 0.71±0.05 91.25 11.43 7.04 

Total serum bilirubin 

in healthy rabbits 

 0.25±0.03 0.19±0.02  12.33 10.53 

 0.29±0.05 0.19±0.04  12.00 21.05 

 0.25±0.12 0.20±0.03  17.24 15.00 

RSD: Relative standard deviation 
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Figure 4.12 HPLC chromatograms of bilirubin solution in chloroform irradiated with 

various doses of gamma radiation: a) 0, b) 20, c) 40, d) 60, e) 80 and f) 100 cGy 
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Table 4.13. Chromatographic parameters of bilirubin and its degradation products in 

gamma irradiated bilirubin samples.  

Peak 
GRD

*
 

(cGy) 
Rt Area 

Conc.  

(mg dL
-1

) 

Theoretical 

plates (m
-1

) 
Resolution 

Bilirubin 

0 8.56 205020 0.99 5805 1.11 

20 8.37 109085 0.67 4231 1.29 

40 8.50 36534 0.32 3938 0.22 

60 8.53 30792 0.23 75 0.37 

80 8.46 19975 0.14 4710 0.58 

100 8.55 16176 0.14 932 0.45 

Biliverdin 

0 5.68 4488 0.03 - - 

20 5.72 27279 0.17 2245 1.14 

40 5.80 35237 0.31 2105 1.16 

60 5.83 48610 0.37 2858 1.38 

80 5.79 58839 0.40 3034 1.4 

100 5.82 49834 0.43 2499 1.32 

UKP-1 

0 5.25 5345 0.03 - - 

20 5.23 11679 0.07 3942 2.62 

40 5.28 12668 0.11 2712 2.38 

60 5.29 14843 0.11 3625 2.66 

80 5.28 18145 0.12 3840 2.72 

100 5.27 18523 0.16 3314 2.52 

UKP-2 

0 4.32 1391 0.01 - - 

20 4.32 39735 0.24 2228 0.39 

40 4.34 38378 0.34 2123 0.56 

60 4.35 45073 0.34 2412 0.63 

80 4.33 54394 0.37 2582 0.64 

100 4.34 52748 0.46 2166 0.59 

UKP-3 
0 12.25 1798 0.01 - - 

20 12.25 12754 0.08 65 0.22 
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40 12.34 11209 0.10 35 0.11 

60 12.32 13075 0.10 40 0.13 

80 12.27 14055 0.10 140 0.23 

100 12.34 9860 0.09 22031 2.17 

UKP-4 

0 13.5 2129 0.01 - - 

20 13.58 11214 0.07 3624 0.38 

40 13.65 9462 0.08 13 0.11 

60 13.62 10962 0.08 278 0.23 

80 13.58 11491 0.08 4359 0.53 

100 13.60 6536 0.06 165 0.20 

*
GRD: Gamma radiation dose, Rt: Retention time, UKP: Unknown peak 
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Figure 4.13 Dose dependent variation in concentration of bilirubin, biliverdin and other 

degradation products of gamma irradiated bilirubin solution: a) Bilirubin, b) Biliverdin c) 

UKP-1, d) UKP-2 e) UKP-3 and f) UKP-4 

UPK: Unknown peak 
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Figure 4.14 HPLC chromatograms of sera a) control, b) serum spiked with bilirubin, c) 

control treated with gamma radiation, d) spiked serum treated with gamma radiation  
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Figure 4.15 HPLC of serum obtained from animals irradiated with various doses of 

gamma radiation: a) 0, b) 20, c) 40, d) 60, e) 80 and f) 100 cGy 
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Table 4.14. Chromatographic parameters of bilirubin and its degradation products in sera 

obtained from control and gamma irradiated hyperbilirubinemic rabbits 

Peak 
GRD

*
 

(cGy) 
Rt Area 

Conc. 

(mg dL
-1

) 

Theoretical 

plates (m
-1

) 
Resolution 

Bilirubin 

0 8.47 209085 5.19 4564 0.34 

20 8.52 73534 1.65 3938 0.11 

40 8.54 36792 1.36 4032 0.45 

60 8.46 17975 0.52 4710 0.58 

80 8.55 5176 0.23 932 - 

100 8.37 4019 0.11 968 2.53 

Biliverdin 

0 5.53 27679 0.71 338 0.11 

20 5.811 35237 1.36 2105 1.60 

40 5.835 40792 1.30 2763 1.54 

60 5.789 58839 1.59 3034 1.42 

80 5.818 49834 1.68 2499 1.32 

100 5.826 85050 2.57 2836 1.35 

UKP-1 

0 5.235 10480 0.21 16 0.32 

20 5.28 12685 0.43 2712 2.38 

40 5.29 11843 0.36 3154 2.13 

60 5.257 16145 0.31 3840 2.72 

80 5.269 18523 0.53 3314 2.52 

100 5.269 25490 0.53 2912 2.40 

UKP-2 

0 4.318 39735 1.23 5070 1.99 

20 4.347 38378 1.50 2123 0.56 

40 4.351 45073 1.56 2916 0.48 

60 4.33 54394 1.61 2582 0.64 

80 4.338 52748 1.59 2166 0.59 

100 4.335 71018 1.76 3337 1.3 

UKP-3 
0 4.06 23752 0.64 - - 

20 4.089 21167 0.72 910 0.55 
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40 4.096 24071 0.69 1098 0.62 

60 4.078 28079 0.82 1351 0.64 

80 4.083 23799 0.75 1104 0.58 

100 4.078 9860 0.73 808 0.53 

UKP-4 

0 3.537 67442 1.55 - - 

20 3.469 55049 2.10 2879 0.50 

40 3.495 68213 2.20 2145 0.39 

60 3.445 68736 1.88 1905 0.14 

80 3.433 63506 2.20 1455 0.03 

100 3.43 79125 2.13 1257 0.19 

*
GRD: Gamma radiation dose, Rt: Retention time, UKP: Unknown peak 
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Figure 4.16 Dose dependent responses of bilirubin and its gamma radiolysis products in 

serum obtained from gamma irradiated rabbits: a) bilirubin, b) biliverdin, UKP-1, d) 

UKP-2 e) UKP-3 and f) UKP-4 

UPK: Unknown peak 
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4.8. Conclusion 

In conclusion, PH was found to be a potent inducer of hyperbilirubinemia which 

caused a dose dependent increase in bilirubin level and decrease in hemoglobin and 

erythrocyte count of the experimental rabbits. The optimization of induction of PH-

induced hyperbilirubinemia showed a maximum elevation in bilirubin level at PH dose 

11.56 8 mg kg
-1

 bw, number of doses 8 and a dose interval 24.56 h.  

The treatment of PH-induced hyperbilirubineic rabbits with UV radiation, C. 

intybus leaf extract and gamma radiation showed a dose dependent significant increase in 

bilirubin clearance. However, the gamma irradiation was found to be more effective than 

UV and herbal treatments in clearance bilirubin from animal body. The low dose gamma 

irradiation (20-100 cGy) was also found to be safe towards the hematological parameters 

and liver function enzymes of rabbits. HPLC analysis showed a dose dependent decrease 

in bilirubin and an increase in its degradation products.  

The developed HPLC method was found to be accurate and precise with good 

signs of reproducibility and repeatability. The study provides the optimum conditions for 

induction of hyperbilirubinemia and a fast, secure and more reliable method of treatment 

of hyperbilirubinemia by the use of low-dose gamma irradiation. The study also provides 

a validated HPLC method for the determination of bilirubin, its glucuronides, photo-

isomers and other degradation products.  
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4.9. Future Work 

The study provides the optimum conditions for induction of hyperbilirubinemia 

and a fast, secure and more reliable method of treatment of hyperbilirubinemia by the use 

of low-dose gamma radiation. One of the major finding of this animal based study in vivo 

study is the gamma radiation-assisted clearance of bilirubin. This is a novel method for 

the management of hyperbilirubinemia which may have significant application in human. 

Therefore, this method requires some trials on human particularly neonates for its future 

application in medical field.  

The study also provides a validated HPLC method for the determination of 

bilirubin and its degradation products. However, the identification of the observed 

degradation products of bilirubin and their structural aspects still need to be investigated. 

Moreover, the mechanism of excretion of these products and their interaction with 

biologically important molecules also need to be studied. 
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