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Abstract 

Background 

Tuberculosis (TB) is ranked as the second most deadly infectious disease worldwide. First-line 

TB medication is associated with the development of drug-induced liver injury (DILI). The 

hepatotoxicity from this combination therapy is mostly due to pyrazinamide (PZA), isoniazid 

(INH) and rifampicin (RIF), however, no information has been reported on the hepatotoxicity 

potential of ethambutol (EMB). DILI typically occurs within the initial few weeks of the intensive 

phase of therapy. The only way to treat DILI is by stopping the medication and considering a 

liver transplant in the case of liver failure. Halting treatment can lead to the development of 

multi-drug resistant TB (MDR-TB). Therefore, close monitoring during therapy is required. 

Moreover, a preventative intervention needs to be put in place in order to prevent TB-DILI from 

developing in the first place. Acetaminophen (APAP) has been shown to cause DILI due to the 

accumulation of the drug’s toxic metabolites in the liver following overdose of the drug. N- 

acetylcysteine (NAC) is an effective treatment and works by replenishing cellular glutathione in 

hepatocytes, thereby preventing liver injury from progressing to liver failure. It is therefore 

hypothesized that NAC may be able to reverse liver injury due to first line TB medication since 

it has been shown to be highly effective in the treatment of DILI associated with APAP, and has 

in fact become the standard of care. Previous studies have reported the potential of NAC in 

treating TB-dug associated DILI. However, this needs to be confirmed through further studies. 

Therefore, new models are needed for predicting which therapeutic compounds could cause 

DILI in humans, and new markers and mediators of DILI need to be identified. The physiological 

and metabolic processes in zebrafish (Danio rerio) are similar to that of humans and the 

transparency of the zebrafish larvae makes this vertebrate a suitable model for studying TB-

DILI mechanism and treatment. This study therefore aims to develop a zebrafish larval model 

(<5dpf) for DILI due to TB drugs, using APAP as a positive control that is known to cause DILI 

and to investigate the potential of NAC in preventing liver injury. 

 

Methods 

High-performance liquid chromatography (HPLC) analysis of INH, PZA and RIF was performed 

using previously developed methods, while liquid chromatography tandem mass spectrometry 

(LC-MS/MS) using a previously developed method was used for the evaluation of EMB. An 

HPLC method for the quantitation of APAP was developed and partially validated. The method 

used a Shimadzu HPLC system coupled with a PDA detector. Successful separation was 

achieved by isocratic elution on a reverse-phase Venusil XBP C18 (4.6 X 100 mm, 5 µm) 

column using a mobile phase consisting of 0.1% formic acid in water and acetonitrile (82:18; 

A:B, v:v) at 0.650 ml/min flow rate, detection wavelength of 247 nm, column oven temperature 
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of 28°C and injection volume of 10 μl. The chromatographic retention time was consistent at 

3.26 min. The calibration curve covered a range of 3.13 to 200 µg/ml with a quadratic 

regression weighted 1/c (c: concentration). These analytical methods were used to determine 

the solubility and stability of these drugs in E3 medium at 28°C for 3 days. Thereafter, dose 

response experiments were performed for all drugs to obtain the dose (s) that resulted in liver 

steatosis as an indicator of DILI using Oil red O positive liver stains and EthoVision movement 

tracking software (for NAC) as endpoints. Optimisation of the doses and the evaluation of the 

ability of NAC to prevent or reverse TB drug-associated DILI was attempted in zebrafish larvae. 

For NAC, APAP, INH and PZA, previously reported zebrafish larval doses for each drug were 

used a as reference for the study. However, for rifampicin (RIF) and EMB, the doses were 

adjusted according to the human dose. 

 
Results 

Solubility and stability data showed that APAP, INH, PZA and EMB were soluble in E3 embryo 

water and stable at 28˚C for 3 days. However, RIF remained insoluble and unstable in E3 

medium at 28°C after 24 hours, even with the addition of ascorbic acid at 20 µg/ml. Doses of 

1 mM, 7 mM, 10 µM, 1.2 mM and 0.5 mM were selected as the doses associated with DILI for 

INH, PZA, RIF, EMB and APAP, respectively. EthoVision data showed that 12 µM and 16 µM 

NAC resulted in irritation and toxicity, respectively. However, 8 µM NAC was shown to be 

consistent with the negative control and was therefore selected as the safe dose for NAC. Due 

to time constraints and difficulties in breeding, NAC was not evaluated for its ability to prevent 

or reverse DILI due to first-line TB drugs and this will be elucidated in future. 

 

Conclusion 

A time efficient, economical zebrafish larval model for DILI was successfully developed. 

Current data illustrates that this model is able to accurately simulate known toxicity effects of 

first-line antituberculosis drugs on the liver. Furthermore, this model can be used to evaluate 

potential treatment interventions and prophylaxis for the reversal and/or prevention of DILI. 
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Abstrak 

 
Agtergrond 

Tuberkulose (TB) word as die tweede dodelikste infeksiesiekte ter wêreld beskou. Eerstelinie- 

TB-medisyne word met die ontwikkeling van middelgeïnduseerde lewerskade (DILI) verbind. 

Die hepatotoksisiteit van hierdie kombinasiebehandeling is hoofsaaklik te wyte aan 

pirasinamied (PZA), isoniasied (INH) en rifampisien (RIF), hoewel geen inligting nog oor die 

hepatotoksisiteitspotensiaal van etambutol (EMB) aangemeld is nie. DILI kom gewoonlik binne 

die eerste paar weke van die intensiewe behandelingsfase voor. Die enigste manier om DILI 

te behandel is om die medisyne te staak en, in geval van lewerversaking, ’n leweroorplanting 

te oorweeg. Die staking van behandeling kan multimiddelweerstandige TB (MDR-TB) tot 

gevolg hê. Daarom word sorgvuldige monitering gedurende behandeling vereis. Boonop moet 

voorkomingsmaatreëls getref word om te probeer keer dat TB-DILI in die eerste instansie 

ontwikkel. Asetaminofeen (APAP) is bekend daarvoor dat dit DILI veroorsaak weens die 

opeenhoping van die toksiese metaboliete van dié middel in die lewer ná ’n oordosis. N- 

asetielsisteïen (NAC) is ’n doeltreffende behandeling wat sellulêre glutatioon in hepatosiete 

vervang en sodoende keer dat lewerskade in lewerversaking omsit. Daarom is die hipotese dat 

NAC dalk lewerskade as gevolg van eerstelinie-TB-medisyne kan omkeer omdat dit hoogs 

doeltreffend is in die behandeling van APAP-verwante DILI, en trouens die 

standaardbehandeling daarvoor geword het. Vorige studies het aangedui dat NAC potensiaal 

toon vir die behandeling van TB-middelverwante DILI. Nietemin moet dít deur verdere 

navorsing bevestig word. Daarom word nuwe modelle vereis om te voorspel watter 

terapeutiese verbindings DILI by mense kan veroorsaak, en moet nuwe DILI-merkers en - 

mediators geïdentifiseer word. Die fisiologiese en metaboliese prosesse by die visspesie 

bontrok (Danio rerio, of “zebra fish”) is soortgelyk aan dié by mense, en die deursigtigheid van 

die bontroklarwes maak dié werweldier ’n geskikte model vir die studie van die TB-DILI- 

meganisme en -behandeling. Die doel van hierdie studie was dus om ’n bontroklarwemodel 

(<5 dpf) te ontwikkel vir TB-middelverwante DILI, met APAP as ’n positiewe kontrole wat 

bekend is daarvoor dat dit DILI veroorsaak, en om die potensiaal van NAC vir die voorkoming 

van lewerskade te evalueer. 

 

Metodes 

Hoëprestasievloeistofchromatografie (HPLC) met behulp van voorheen ontwikkelde metodes 

en APAP is gebruik om eerstelinie-TB-middels te ontleed [EMB is met behulp van 

vloeistofchromatografie-massaspektrometrie (LC-MS) ontleed] ten einde oplosbaarheid en 

stabiliteit in E3-medium by 28 °C oor drie dae te bepaal. APAP is op ’n Shimadzu HPLC-stelsel 
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in samehang met ’n PDA-opspoorder ontleed. Suksesvolle skeiding is verkry met behulp van 

isokratiese eluering op ’n omgekeerdefase- Venusil XBP C18- (4.6 X 100 mm, 5 µm) kolom, 

met ’n mobiele fase wat uit 0.1% mieresuur in water en asetonitriel bestaan (82:18; A:B, v:v), 

met ’n vloeitempo van 0.650 ml/min, ’n opsporingsgolflengte van 247 nm, ’n kolom- 

oondtemperatuur van 28 °C en ’n inspuitingsvolume van 10 μl. Die chromatografiese 

retensietyd was deurgaans 3.26 min. Die kalibreerkromme het oor ’n bestek van 3.13 tot 200 

µg/ml gestrek, met ’n lineêre regressie met ’n gewigstoekenning van 1/c (c: konsentrasie). 

Daarna is dosisreaksieproewe met alle middels uitgevoer om te bepaal watter dosis(se) tot 

lewersteatose, as ’n aanwyser van DILI, lei. Hiervoor is ORO- (“oil red O”-)positiewe 

lewerkleuring en EthoVision-nasporingsagteware (vir NAC) as eindpunte gebruik. 

Bontroklarwes is gebruik vir dosisoptimalisering en die evaluering van die vermoë van NAC 

om TB-middelverwante DILI te voorkom of om te keer. Vir NAC, APAP, INH en PZA is voorheen 

aangemelde bontroklarwedosisse van elke middel as verwysingspunt vir die studie gebruik. Vir 

rifampisien (RIF) en EMB is die dosisse egter na gelang van die menslike dosis aangepas. 

 

Resultate 

Oplosbaarheid- en stabiliteitsdata toon dat APAP, INH, PZA en EMB oplosbaar en stabiel is in 

E3-embriowater by 28 ˚C oor drie dae. Nietemin bly RIF onoplosbaar en onstabiel in E3- 

embriowater by 28 °C na 24 uur, selfs al word askorbiensuur in ’n konsentrasie van 20 µg/mL 

bygevoeg. Deur ORO-positiewe kleuring van die lewer van bontroklarwes is dosisse van 

onderskeidelik 1 mM, 7 mM, 10 µM, 1.2 mM en 0.5 mM gekies as die dosisse INH, PZA, RIF, 

EMB en APAP wat met DILI verband hou. EthoVision-data toon dat onderskeidelik 12 µM en 

16 µM NAC tot irritasie en toksisiteit lei. Die 8 µM NAC-dosis het egter met die negatiewe 

kontrole ooreengestem. Daarom is 8 µM NAC gekies as die veilige dosis om te evalueer in 

watter mate NAC TB-middelverwante lewerskade by bontroklarwes kan voorkom/omkeer. 

Weens beperkte tyd en uitdagings met teling is die vermoë van NAC om eerstelinie-TB- 

middelverwante DILI te voorkom of om te keer, nié geëvalueer nie. Dít sal in toekomstige 

navorsing bestudeer word. 

 

Gevolgtrekking 

’n Tyddoeltreffende, ekonomiese bontroklarwemodel vir DILI is suksesvol ontwikkel. Huidige 

data toon dat die model bekende toksisiteitsuitwerkings van eerstelinie-TB-middels op die 

lewer akkuraat simuleer. Boonop kan die model gebruik word om moontlike 

behandelingsintervensies en profilakses vir die omkering en/of voorkoming van DILI te 

evalueer. 
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Chapter 1 

Introduction and literature review 
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1.1 Tuberculosis: the world’s epidemic 

Tuberculosis (TB) is an infectious disease that is caused by the water, soil, and dust-inhabiting 

bacillus Mycobacterium Tuberculosis (M. tb) that belongs to the Mycobacterium genus that is 

believed to have emerged approximately 150 million years back (Barberis et al., 2017). 

Discovered by Robert Koch in 1882, the human tubercle bacillus originated in east Africa as 

the ancestor to M. tb and is estimated to have evolved about 3 million years ago (Bhandari, 

2021). As years passed by, people started to migrate from Africa and that led to the wide spread 

of the TB strains mainland (Bhandari, 2021). Physicians use the tuberculin skin test (TST) as 

an indicator of exposure to the (M. tb) bacillus by injecting patients with tuberculin (M. tb isolate) 

(Dal, 2018). This disease has become a major problem globally and poses a serious threat to 

society (Cao et al., 2018; Agathis et al., 2021; Su, et al., 2021). As reported by the World Health 

Organization (WHO), the COVID-19 pandemic has interrupted the process of diagnosing and 

treating TB in newly infected individuals, leading to an increase in the number of TB death 

cases in 2021 compared to 2019 (figure 1). The global incidence rate increased in 2021 

compared to 2020 (WHO, 2021). In 2019 and 2020, 1.7 million and 5.8 million people were 

diagnosed with TB, respectively, suggesting a global 4.1% drop in newly diagnosed TB cases 

from 2019 to 2020. This was due to the COID-19 interruptions. This had therefore increased 

the number of TB death cases in 2020 compared to 2019.. It is evident that following the deadly 

COVID-19 virus, TB results in the second highest mortality rate worldwide, originating from a 

single M. tb pathogen (WHO, 2021). 

 

 
 

Figure 1: Overview of the 2020 global TB incidence rates. TB incidence rates were estimated 

as the number of active TB cases per 100,000 population in a given year (WHO, 2021) 
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Although TB is mostly known as a disease associated with the lungs, TB can also affect the 

bladder, bones, kidneys, and various parts of the human body (Visovsky et al., 2021). TB is 

spread in the air from one infected person or animal to another and multiplies in the host. TB 

transmission mostly occurs between humans and less commonly from animals to humans. 

When an infected individual coughs or sneezes, the droplets travel into the other individual and 

are inhaled into the lungs (see figure 2 below). 

 
 

Figure 2: The progression of latent TB to active TB (Visovsky et al., 2021) 

 
 

Once in the lungs, the bacteria then multiply. If the patient’s immune system is strong, the 

bacteria can be engulfed by macrophages and the person will not get active TB but will have 

inactive or latent TB (figure 2) (Kim et al., 2021; Visovsky et al., 2021; Parmer, et al., 2021). 

People with latent TB stay healthy with the bacteria for many years without showing any 

symptoms (Bhandari, 2021). However, if the immune system gets vulnerable due to other 

infections, the patient will develop active TB and as a result, will then require therapy (Visovsky 

et al., 2021; Talwar and Langer, 2021). Moreover, HIV (Human Immunodeficiency Virus) 

positive people are at a higher risk of developing active TB faster than HIV negative individuals 

(Karumbi and Garner, 2015). 

 

1.2 Drug resistant tuberculosis 

Strains that are resistant to TB medication develop during therapy and this poses a great threat 

all over the world (Tiberi et al., 2019). Multi-drug resistant TB (MDR-TB) occurs as a result of 

an infection caused by a strain that is resistant to TB medication, usually isoniazid (INH) and 

rifampicin (RIF) (Mirzayev et al., 2021; Sotgiu et al., 2012; Caminero, and Scardigli, 2015), or 

treatment that is not enough to overcome the activity of the bacteria (Manjelievskaia et al., 

2016). Other contributing factors include the long-term nature of treatment - patients may feel 
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better and stop taking the medication as prescribed (Su et al., 2021) or the quality of the drug 

may be poor (Stosic et al., 2018; Tiberi et al., 2019). This requires an increase in dosage of the 

medication to reach higher concentrations of the drugs in vivo to reach the minimal inhibitory 

concentrations (MICs) that are required to kill the mycobacterium that is resistant to the 

medication. This then leads to adverse drug reactions (Sotgiu et al., 2012) which lead to drug-

induced liver injury (DILI) (Imam et al., 2020). To reduce the incidence of TB drug resistance 

and to improve patient outcomes, the WHO has introduced a Directly Observed Therapy Sort 

course (DOTS) strategy that focuses on the strict monitoring of the patient by an observer 

(family or community member or health care worker), recording every dosage thereby making 

certain that the patients takes their medication correctly (Karumbi and Garner, 2015). Untreated 

MDR-TB leads to extensively drug-resistant TB (XDR-TB) which is multidrug resistant and 

rifampicin resistant TB (MDR/RR-TB) that is resistant to at least a fluoroquinolone (levofloxacin) 

and one of the Group A drugs such as bedaquiline (BDQ) (Karumbi and Garner, 2015). 

 

1.3 Antituberculosis therapy 

In 1932, a scientist by the name of Gerhard Domadk and his colleagues conducted an 

experiment in mice and discovered that sulfonamides analogues can be used against M. tb 

(Vilchèze, 2020; Vilchèze and Jacobs, 2014). Schatz and Waksman also made a discovery on 

the use of streptomycin (SM) in the treatment of M. tb. The efficacy of streptomycin in treating 

TB was confirmed on a woman aged 21 who had severe TB of the lungs (Schatz and Waksman, 

1944; Vilchèze, 2020). Thereafter, other drugs like para-aminosalicylic acid (PAS) and INH 

were also discovered and were found to be active against M. tb, however, strains that were 

resistant to treatment soon developed (Lehmann, 1946). To counteract this, combination 

therapy using INH, PAS and SM was then initiated in TB patients. This was effective and was 

used for quite some time. However, patients started to discontinue treatment due to the long 

period and costs related to the treatment (Crofton, 1959). As part of a solution, a drug regimen 

comprised of RIF, INH, ethambutol (EMB) and pyrazinamide (PZA) for the first two months and 

RIF and INH for the next four months was used instead (Crofton, 1959), which is the current 

combination therapy used during antituberculosis therapy (Combrink and du Preez, 2020). This 

showed high efficacy and the patients responded well to treatment. However, again, strains 

that were resistant to INH and RIF developed during treatment leading to MDR-TB (Vilchèze 

and Jacobs, 2014) and then second-line TB drugs such as ethionamide (ETA), BDQ and 

clofazimine (CFZ) were then introduced to be used as treatment for MDR-TB (Drew and 

Sterling, 2017). Moreover, second generation antituberculosis drug, linezolid, has been shown 

to be highly effective at treating MDR-TB (Sotgiu et al., 2012). 
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1.3.1 Isoniazid 

i. Pharmacology 

INH (figure 3) is available in different formulations. These include intramuscular or intravenous 

injection, tablet or syrup. (O'Connor and Brady, 2020). INH is taken at a dose of 15 mg/kg per 

day (Jung et al., 2015). The absorption of INH occurs mostly in the intestine. The rate of 

absorption of this drug becomes low when taken together with food or food high in sugar 

content. INH undergoes hepatic metabolism leading to 80% of its metabolites being excreted 

in urine with less than 10% being excreted through faeces. INH is distributed entirely in body 

tissues and body fluids with a volume of distribution of 0.6 l/kg (Klein et al., 2016). 

 

 

 

Figure 3: The chemical structure of INH (Babu et al., 2019) 

 
 
 

 
ii. Mechanism of action 

The anti-microbial activity of INH is as a result of the peroxidation of INH into a highly reactive 

isonicotinoyl aryl radical (INH+) by a catalase-peroxidase enzyme that is encoded by a 

catalase-peroxidase from M.tb (KatG) gene (figure 4) in the presence of hydrogen peroxide 

(H2O2). Hence, INH is a prodrug that needs to be activated before exerting its antimicrobial 

action. Nicotinamide adenine dinucleotide (NAD+) undergoes oxidation and reacts with INH+ 

to produce an INH- nicotinamide adenine dinucleotide (INH-NAD+) adduct. INH-NAD+ further 

blocks an Inh A enzyme that converts trans-2-enoyl acyl-carrier-protein (ACP) into acyl-ACP 

intermediate in the cell. This then inhibit the synthesis of acyl-ACP which promotes the 

biosynthesis of long fatty acid chains of mycolic acid, which are responsible for cell wall 

synthesis. Hence, its inhibition leads to the inhibition of the cell wall of M.tb. However, the 

mechanism of INH is still not completely understood and therefore requires further research 

(Babu et al., 2019). 
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Figure 4: The mechanism of action of INH (Khan and Saifur, 2017) 

 
 

iii. Metabolism 

The liver serves as the site for the metabolism and clearance of INH (Klein et al., 2016). The 

metabolic pathway is facilitated by the N-acetyltransferase 2 (NAT2) and microsomal 

cytochrome P4502E1 (CYP2E1) enzymes, which in turn direct the hepatotoxicity potential of 

INH. INH is metabolised into N-acetyl-INH, which undergoes further hydrolysation into acetyl 

hydrazine (figure 5). Acetyl hydrazine can either be the metabolite that is responsible for INH 

hepatotoxicity or can be broken down into the acetyl radical, ketene or reactive acetyl onium 

ion ketene, which then forms covalent bonds with macromolecules in the liver leading to injury 

of the liver (Ramappa and Aithal, 2013). 

 
Figure 5: The metabolic pathway of INH (Khan and Saifur, 2017) 

 
 

iv. Side effects and contraindications 

The most common adverse effects include those of the gastrointestinal tract and rash while the 

less common include peripheral neuropathy and hepatotoxicity. Breastfeeding or pregnant 

women and patients living with HIV and diabetes are at higher risk of experiencing these 

adverse effects from taking INH (O'Connor and Brady, 2020). Some patients experience 
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cognitive impairment, headache, sleep disturbances, blurred vision and psychosis (Denholm 

et al., 2014). 

1.3.2 Pyrazinamide 

 
i. Pharmacology 

The typical adult dosage of PZA (figure 6) is 25 mg/kg per day administered orally (Katzung, 

2012). The absorption of PZA occurs mostly in the gastrointestinal tract. The distribution of 

PZA occurs in all tissues of the body, even on the membranes of the body that experience 

inflammation. Following absorption, PZA has a half-life of eight to eleven hours (Katzung, 

2012). 

 
 

Figure 6: The chemical structure of PZA (Zhang et al., 2014) 

 
ii. Mechanism of action 

PZA (pyrazine-2-carboxamide) is a prodrug that becomes active once it gets inside the 

bacterial cell. A pncA encoded pyrazinamidase (PZase) enzyme from the cytoplasm converts 

PZA into active pyrazinoic acid (PA) after the entry of PZA into the cell, facilitated by passive 

diffusion. PA then inhibits the synthesis of mycolic acid by fatty acid synthase type 1 thereby 

inhibiting the bacterial cell wall synthesis. At acidic pH, PA moves out of the cell (figure 7) and 

combines with hydrogen ions, then diffuses back into the cell and accumulates. This then leads 

to disruption of membrane potential and interferes with energy production, which is necessary 

for the survival of the M. tb (Zhang et al., 2014). A mutation in the pncA can results in the 

resistance of the M. tb towards PZA medication. 

 

 

Figure 7: The mechanism of action of PZA (Zhang et al., 2014) 
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iii. Metabolism 

The metabolism of PZA occurs in the liver through a process facilitated by the amidase and 

xanthine oxidase enzymes (figure 8) in the liver. The amidase enzyme produces PA, which is 

the first metabolite. 5-hydroxypyrazinoicacid (5-OH-PA) is produced in a hydroxylation reaction 

of PA catalysed by the xanthine oxidase enzyme. The 5-hydroxypyrazinoicacid (5-OH-PA) 

metabolite can also be produced from the amidase catalysed reaction of the hydrolysis of 5 - 

hydroxypyrazinoicacid (5-OH-PZA) that is formed from the oxidation of PZA. The excretion of 

these metabolites is through urine (Shih et al., 2013). 

 

 

 

Figure 8: The metabolic pathway of PZA (Shih et al., 2013) 

 
 

iv. Side effects and contraindications 

Since pyrazinamide is an inhibiter of uric acid excretion, this means that there will be higher 

concentrations of uric acid in the urine, which potentially lead to gout, urate nephropathy and 

urolithiasis. Other adverse reactions associated with PZA include fever, nausea and vomiting 

(Katzung, 2012). 

 

1.3.3 Rifampicin 

 
i. Pharmacology 

The high lipid-solubility nature of RIF (figure 9) allows it to be taken orally or intravenously. RIF 

is taken at a maximum dosage of 10 mg/kg per day (Satoskar and Bhandarkar, 2020). RIF is 

70-80% protein bound. The rate of RIF absorption decreases when the drug is taken with food. 

The half-life of RIF is 2-5 hours depending on the dosage. The metabolites of RIF, together 

with RIF are excreted through faeces. However, 17% of RIF is also excreted unchanged in 

urine (Abulfathi et al., 2019). 
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Figure 9: The chemical structure of RIF (Rothstein, 2016). 

 
 

ii. Mechanism of action 

RIF exhibits its bactericidal activity by binding to the β-subunit of DNA dependant RNA 

polymerase (RNAP) thereby restricting elongation at the 5’ end (figure 10). The binding of RIF 

to RNAP also reduces the bond between RNAP and short RNA segments transcribed from 

DNA molecules thereby inhibiting RNA polymerase (RNAP) that transcribe RNA from DNA 

(Campbell et al., 2001). Therefore, RNA cannot be transcribed from DNA in the cell. RIF only 

acts on the RNAP of the microorganism and not on the enzymes in the organism’s internal 

environment thereby reducing the risks of adverse effects (Suresh and Wadhwa, 2020). 

 

 
Figure 10: The mechanism of action of RIF (Aristoff et al., 2010) 

 
 
 

 
iii. Metabolism 

The liver is the primary site for the metabolism of RIF. Desacetylation and hydrolysis occurs in 

the liver during RIF metabolism to produce 25-desacetyl RIF and 3-formyl RIF, respectively 
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(figure 11). The metabolites of RIF are found to be non-toxic. The polarity of 3-formyl RIF is 

higher compared to RIF and has more bactericidal activity towards the microorganism 

(Ramappa and Aithal, 2013). 

 
Figure 11: The metabolic pathway of RIF (modified from Kumar et al., 2015) 

 
 

iv. Side effects and contraindications 

RIF administration causes body fluids, like sweat, urine, saliva, tears and also faeces, to turn 

orange and these form part of the dose-dependent side effects. Gastrointestinal symptoms 

include diarrhoea, anorexia and nausea. Symptoms like renal failure, thrombocytopenia, 

hemolysis and urticaria form part of the effects that are independent on the amount of dosage. 

These develop when RIF has been used for a longer time and cease upon discontinuation of 

RIF. Patients with a dysfunctional liver tend to develop hypersensitivity (Suresh and Wadhwa, 

2020). Rifampicin undergoes drug-drug interactions with other drugs and induces the activation 

of a pregnane X receptor that further induces the cytochrome P450 enzymes and p- 

glycoprotein, and this leads to the alteration of both the metabolism and transportation of the 

drugs (Chen and Raymond, 2006). 

 
1.3.4 Ethambutol 

 
i. Pharmacology 

EMB (figure 12) is administered daily at a dose of 25 mg/kg orally (Lee and Nguyen, 2020). 

EMB has a bioavailability of about 70-80%, at 1-2 hours following oral administration. EMB is 

20-30% protein bound with a volume of distribution of 76.2 l is eliminated via the kidneys and 

is excreted unchanged in urine and as metabolites that account for 12-19% of the ethambutol 

(Sundell et al., 2020). 
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Figure 12: The chemical structure of EMB (Ahn and Park, 2017) 

 
 

ii. Mechanism of action 

EMB inhibits the synthesis of the cell wall of the mycobacteria by inhibiting the synthesis of 

arabonogalacton which is responsible for linking mycolic acid chains that form the cell wall of 

the bacteria (Sarkar et al., 2016). The embC, embA and embB genes in M. tb code for specific 

EmbCAB proteins that are responsible for the transfer of arabinosyl, which is responsible for 

synthesising arabonogalacton. Ethambutol works by inhibiting these EmbCAB proteins (figure 

13) and thereby causes the bacterial cell wall to be more permeable, leading to the death of 

the bacteria (Kumar et al., 2015). 

 

Figure 13: The mechanism of action of EMB (Kumar et al., 2015) 

 
 
 

 
iii. Metabolism 

EMB undergoes oxidation to ethambutol-aldehyde, facilitated by alcohol dehydrogenase. 

Ethambutol-aldehyde is further oxidised by alcohol dehydrogenase into 2, 2’-(Ehylenediimino) 

di-butyric acid (figure 14) as the metabolite that is excreted in urine (Sarkar et al., 2016). 
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Figure 14: The metabolic pathway of EMB (Sarkar et al., 2016) 

 
 

iv. Side effects and contraindications 

Side effects associated with the use of ethambutol are dose and duration related and include 

retrobulbar neuritis. This commonly affects patients suffering from kidney dysfunction since 

EMB undergoes hapatic excretion. Hypertension, tobacco smoking and heavy alcohol 

consumption may worsen the effects (Makunyane and Mathebula, 2016). 

 
 
 

1.4 Drug metabolism in the liver 

The metabolism of drugs in the liver occurs in three phases to detoxify the drugs and remove 

those drugs through excretion (as shown in figure 15). 

 

i. Phase 1: Modification 

The reactions in this phase of drug metabolism may include reduction, oxidation or hydrolysis 

that are catalysed by cytochrome P450 and involve Reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) and oxygen. Reactive and polar groups are introduced into 

the parent drug to increase the hydrophilicity of the drug. The products of this phase are 

activated metabolites that can be excreted if they are more polar (Lokhande, 2017). 

 

ii. Phase 2: Conjugation 

Charged species such as glutathione (GSH), sulphate, glycine, or glucuronic acid are added in 

either the carboxy (-COOH), hydroxy (-OH), amino (NH2), or thiol (-SH) groups of the active 

metabolites from phase 1 metabolism to make these metabolites less active. This reaction is 
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catalysed by uridinediphosphateglucuronosyltransferase (UGT), N‐acetyltransferase 2 

(NAT2), and most commonly, by the glutathione S‐transferase (GST) enzyme (Corrine and 

Bortolini, 2013; van Wijk et al., 2016). 

iii. Phase 3: Transportation 

The products of conjugation from phase 2 reactions may be further metabolised and then be 

transported to the outside of the cell and be excreted. The proteins that are involved in this 

phase belong to the ATP-binding cassette (ABC) and solute carrier (SLC) transporters 

superfamilies (Lokhande, 2017). 

 
 

Figure 15: Metabolism of drugs in the liver during phase 1 and phase 2 metabolism 

(Lokhande, 2017) 

 

 
1.5 Drug Induced Liver Injury 

Even though DILI is most commonly associated with APAP, other drugs like anti-cancer drugs, 

antiretrovirals, some antibiotics, cardiac drugs and traditional herbal supplements are 

associated with DILI (David, and Hamilton, 2010). Patients with DILI present with symptoms 

including abdominal pain, jaundice, nausea and vomiting (Abbara et al., 2017). Other reported 

risk factors associated with DILI include age, gender, malnutrition, infections and alcohol 

consumption (Devarbhavi et al., 2011; Warmelink et al., 2010; Sandmann et al., 2019; 

Baniasadi et al., 2010). Discontinuation of treatment serves as the best option to immediately 

manage DILI (Chughlay et al., 2016). Therefore, patients on anti-TB therapy should be made 

aware of the various factors associated with the development of DILI and should stop treatment 

immediately on the onset of signs of hepatotoxicity to prevent progression of DILI. Other 

interventions for DILI include the use of corticosteroids in combination with ursodeoxycholic 

acid (UDCA) and this leads to the rapid recovery of liver function (Hu and Xie, 2019; Garcia- 

Cortes et al., 2020). Inhibition of hepatic gap junctions have also been associated with the 

prevention of the development of DILI in mice (Patel et al., 2012). Acute liver failure from DILI 
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can only be managed through liver transplantation. In addition, DILI can be prevented or 

managed by alerting authorities about the offending drug so that the drug can be evaluated 

and possibly taken out of the market (Francis and Navarro, 2021). 

 

1.5.1 Types of DILI 

DILI can either be direct, indirect or idiosyncratic, depending on different characteristics of the 

DILI (David and Hamilton, 2010). Table 1 below summarizes the differences between the three 

types of DILI. 

 
Table 1: Differences between the three types of DILI (Garcia-Cortes et al., 2020; Hoofnagle 

and Björnsson, 2019). 
 

Characteristic Direct Idiosyncratic Indirect 

Prevalence Common Uncommon Intermediate 

Dose related Yes No No 

Foreseeable Yes No Partly 

Occurrence rate High No Average 

Response time Short Irregular Long 

 

1.5.2 Mechanism of DILI 

DILI occurs in three subsequent main steps that can be divided into upstream events (initial 

mechanisms) and downstream events (involving the innate immune system) (Russmann et al., 

2009). Below are the steps involved in the development of DILI. 

 

i. Initial mechanisms of toxicity: direct cell stress, direct mitochondrial 

impairment, and specific immune reactions 

Drug metabolites induce immune responses, cell stress and inhibition of mitochondria that 

cause cell injury. These metabolites induce cell stress by binding to cell structures and causing 

reduction of GSH (Russmann et al., 2009; Yuan and Kaplowitz, 2013). During mitochondrial 

impairment, both metabolites and parent drugs work by inhibiting the respiratory chain of the 

mitochondria, leading to ATP reduction, reactive oxygen species (ROS) overproduction and 

beta oxidation inhibition. Mitochondrial impairment can also result through the opening of a 

protein called the mitochondrial permeability transition (MPT) pore that can lead to the entrance 

of toxic molecules into the mitochondria leading to hepatotoxicity though hepatocyte damage 

(Russmann et al., 2010; Yuan and Kaplowitz, 2013; Garcia-Cortes et al., 2020). During specific 

immune responses, metabolites can react with proteins (figure 16) and form covalent bonds 

and thereby end up being perceived as neo-antigens. This then leads to the 
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formation of specific immune responses that cause cytotoxic T-cells to release cytokines that 

lead to inflammation (Russmann et al., 2010; Yuan and Kaplowitz, 2013; Garcia-Cortes et al., 

2020). 

 

ii. Direct and death receptor-mediated pathways leading to mitochondrial 

permeability transition 

The change in the permeability transition of the mitochondria results from the beginning of cell 

stress and from specific reactions that involve the immune system. However, if the metabolites 

do not impair the function of the mitochondria directly, the MPT can occur via two pathways. 

These are the intrinsic and extrinsic pathways, also called the direct and indirect pathways, 

respectively. The direct pathway is associated with acute cell stress while the indirect pathway 

is associated with negligible cell stress. This MPT leads to further cell death (Russmann et al., 

2010; Yuan and Kaplowitz, 2013; Garcia-Cortes et al., 2020). 

iii. Apoptosis and necrosis 

The cell undergoes necrotic or apoptotic cell death from an insufficient energy supply from 

impaired mitochondria. During apoptosis, the MPT causes release of cytochrome C which 

combines with other necrotic cells, forming a complex that cleaves other proteins in the cell, 

resulting in cell death. During necrosis, cytokines get released, leading to inflammation that 

activates neighbouring hepatocytes, leading to more liver injury (Russmann et al., 2010; Yuan 

and Kaplowitz, 2013; Garcia-Cortes et al., 2020). 

 

Figure 16: The 3-step mechanistic working model of DILI (Shehu et al., 2017) 
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1.5.3 Diagnosis and prognosis of DILI 

There is no specific diagnostic procedure for DILI. It is associated with a variety of drugs, shares 

symptoms with other liver diseases and the patient may not disclose that they are taking other 

herbal and dietary supplements. However, laboratory tests like measurements (figure 17) of 

alanine transaminase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase 

(GGT), alkaline phosphatase (ALP) and bilirubin are used to test for DILI. However, these 

biomarkers are not specific to DILI (Garcia-Cortes et al., 2020). In the 1900s, the Rouseel-Uclaf 

Casuality Assessment Method (RUCAM) was invented as a model to diagnose DILI based on 

the ratio of ALT and ALP, denoted as the R-value (Maddur and Chalasani, 2011). According to 

this model, DILI can be hepatocellular, mixed or cholestatic (Stournaras and Tziomalos, 2015). 

However, the patient must be checked of any symptoms, pharmacological and clinical history 

before determination of the R-value. Once the R-value has been determined, first-line tests 

such as abdomen sonography are then performed to assess the liver and second line tests such 

as liver biopsy are done for liver tissue examination (Maddur and Chalasani, 2011; Chalasan et 

al., 2021). 

 

 

 
 

Figure 17: The stepwise approach to DILI diagnosis (modified from Chalasani et al., 2021; 

Garcia-Cortes et al., 2020) 

 

 
1.5.4 DILI as a result of APAP 

APAP is a commonly used therapeutic analgesic and antipyretic drug. APAP at therapeutic 

doses has very good safety profile. However, patients tend to deliberately or accidentally 

overdose on the drug, leading to the drug exceeding therapeutic levels (Rotundo and 
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Pyrsopoulos, 2020). As a result, these patients tend to suffer from liver injury, which could lead 

to liver failure (Jaeschke et al., 2020; Bruells et al., 2021). N-acetyl-p-benzoquinone imine 

(NAPQI) binds to GSH thereby decreasing the levels of GSH in the cell, which result in more 

accumulation of the NAPQI in the cell. This leads to the formation of protein adducts (Rotundo 

and Pyrsopoulos, 2020) that subsequently cause oxidative stress in the cell mitochondria and 

in the endoplasmic reticulum (ER). ER stress then cause DNA fragmentation (figure 18). High 

levels of oxidative stress cause c-Jun N-terminal kinase (JNK) protein to activate the electron 

transport chain (ETC) and translocate to a Sab protein on the cell mitochondria upon activation 

by phosphorylation. This then leads to the formation of peroxynitrite from the reaction of 

superoxide and mitochondrial nitric oxide (Rotundo and Pyrsopoulos, 2020). The peroxynitrite 

then causes the formation of a mitochondrial permeability transition and the release of 

apoptotic proteins from the mitochondria into the cytosol which then leads to hepatocyte 

damage (Jaeschke et al., 2020). 

 
 

 
 

Figure 18: Mechanism of APAP in DILI (Ntamo at al., 2021) 

 
 

1.5.4.1 Acetaminophen 

i. Pharmacology 

APAP, also known as N-acetyl-para-aminophenol or paracetamol (Figure 19) (Ghanem et al., 

2016) can be taken orally at 50 – 75 mg/kg/day by children and at 4 g/day by adults (Rotundo 

and Pyrsopoulos, 2020). APAP can be taken via rectal administration, orally (Gerriets et al., 
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2018) and intravenously, (Gerriets et al., 2018; Mazaleuskaya et al., 2015) and has a 

bioavailability of 80% with a half-life of 2-3 hours after oral administration (Rotundo and 

Pyrsopoulos, 2020). 

 
 

 

Figure 19: The chemical structure of APAP (Ghanem et al., 2016) 

 
ii. Mechanism of action 

APAP first gets deacetylated in the liver into p-aminophenol, which further gets metabolized by 

FAAH (Fatty acid amide hydrolase) enzyme in the brain into AM404 (N- 

arachidonoylaminopheno) (Mallet et al., 2017) by coupling p-aminophenol with arachidonic 

acid. Cannabinoid type 1 (CB1) receptors (from the Vanilloid system, cannabinoid system and 

calcium channels) work by binding the AM404 metabolite, reinforcing the initiation of the 

descending pathways (figure 20) that allow for the secretion of serotonin from the midline of 

the brainstem. The serotonin binds into the respective receptors of serotonin in the spinal cord 

that function in suppressing pain (Mallet et al., 2017; Bauerlein et al., 2021). 

 

Figure 20: The mechanism of action of APAP (Mallet et al., 2017) 
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iii. Metabolism 

The metabolism of APAP occurs more in the liver and less in the intestines and the kidneys 

(Mazaleuskaya et al., 2015) through the processes of sulfation, oxidation and glucuronidation 

(Ji et al., 2012). After administration, approximately 2% of APAP gets excreted unchanged. 

APAP further gets converted into inactive APAP-glucuronide and inactive APAP-sulfate that 

makes up 90% of metabolites in urine (figure 21). These non-toxic metabolites get excreted 

into the blood and bile and then further into the kidneys. However, approximately 5% of APAP 

further gets oxidised by cytochrome p450 (CYP450) isozymes in the liver into a very active and 

hepatotoxic NAPQI metabolite (Jiang et al., 2013). This metabolite binds to liver glutathione 

through conjugation to form non-toxic APAP-GSH that is readily excreted and eliminated via 

urine as APAP-cysteine and mercapturic acid (Mazaleuskaya et al., 2015). 

 
 

 
 

Figure 21: The metabolic pathway of APAP (Yoon et al., 2016) 

 
 
 

 
iv. Side effects and contraindications 

Despite being the standard antipyretic and analgesic drug for pain and fever, incorrect and 

longer use of paracetamol is also associated with adverse effects. These include 

gastrointestinal bleeding, hypertension, neurodevelopmental disorder (Ghanem et al., 20116), 

renal toxicity, and most commonly, hepatotoxicity (McCrae et al., 2018). 
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1.6 NAC in the management of DILI as a result of APAP overdose 

1.6.1 N-acetyl cysteine 

i. Pharmacology 

NAC ((2R)-2-acetamido-3-sulfanylpropanoic acid (C5H9 NO3S)) is a sour tasting white 

crystalline powder with an acetic odor. It is a thiol compound (figure 22) that serves as a 

precursor of l-cysteine. NAC can be administered orally or intravenously. Oral administration 

is usually at a dose of 2400 mg/day and reaches maximum plasma concentrations after 1-2 

hours post oral administration. Oral NAC has a bioavailability of 5%, volume of distribution of 

0.33-0.47 L/kg and a half-life of >6 hours (Adil et al., 2018) with 30% and 70% of its metabolites 

excreted in urine and faeces, respectively. Intravenous infusion is a two-bag regimen infusion 

over a 20-hour period that includes first, the administration of 200 mg/kg over 4hours followed 

by 100 mg/kg over 16 hours (Wong et al., 2020). 

 
 

 

 
 

Figure 22: The chemical structure of NAC (Tardiolo et al., 2018) 

 
 
 

 
ii. Mechanism of action 

NAC exerts its effect as a direct antioxidant, indirect antioxidant and as an agent that breaks 

down disulphide bonds (Aldini et al., 2018). As an indirect antioxidant, NAC acts as a precursor 

for reduced glutathione (GSH) (Paschalis et al., 2018) by providing the amino acid cysteine 

(figure 23) that is required for the synthesis of GSH during the deacetylation reaction that is 

facilitated by acylase (Sadowska, 2012; Aldini et al., 2018). This GSH act as a direct antioxidant 

and as a substrate for other several antioxidant enzymes (Aldini et al., 2018, Pedre et al., 2021, 

Treweeke et al., 2012). 
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Figure 23: The mechanism of action of NAC (Aldini et al., 2018) 

 
During times of GSH depletion due to excessive oxidative stress, NAC directly scavenges 

NO(X) (Nitrogen oxides) and NO2 (Nitrogen Dioxide), preventing these oxidants from causing 

damage. NAC indirectly exerts its antioxidant activity by breaking down proteins that have 

undergone thiolation, thereby releasing thiols with more direct antioxidant effect compared to 

NAC and are important in the synthesis of more GSH (Aldini et al., 2018; North et al, 2012; 

Moosa et al., 2014). 

 
iii. Metabolism 

NAC undergoes first pass metabolism in the liver to produce glutathione (GSH), a reducing 

agent that works by scavenging harmful species using the free sulfhydryl group. NAC is firstly 

metabolised into cysteine (figure 24) which combines with the amino acids, glycine and 

glutamate to form the GSH antioxidant (Casanova and Garigliany, 2016). 

 
 

Figure 24: The metabolic pathway of NAC (Casanova and Garigliany, 2016) 
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iv. Side effects and contraindications 

The adverse effects associated with oral NAC administration are less severe than those of 

intravenous NAC infusion (Heard and Dart, 2017). A higher than normal oral dose of NAC can 

result in side effects that include diarrhea, rash, edema, headache, epigastric pain, 

constipation, gastroesophageal reflux, nausea, and vomiting (Adil et al., 2018). Intravenous 

infusion of NAC can result in autoimmune disease and anaphylaxis (Janeczek et al., 2019). 

The use of NAC is contraindicated in patients on nitroglycerin as this may lead to vasodilation 

that can potentially lead to hypotension. NAC use is also contraindicated in pregnant or 

breastfeeding women as it can cross the placenta or get excreted via breast milk, leading to 

embryotoxicity (Aldini et al., 2018). 

 

1.6.2 NAC as an intervention for DILI due to APAP overdose 

Liver injury due to APAP overdose can be prevented by NAC from progressing to liver failure 

(Darweesh et al, 2017). This antioxidant works by supplying more GSH to the cell, which can 

bind to the NAPQI metabolite of APAP for excretion. Glutathione replacement protects 

hepatocytes from being attacked by the NAPQI metabolite (Pettie et al., 2019) 

 

 
Figure 25: Mechanism by which NAC exerts its effect in APAP DILI (Ntamo at al., 2021) 
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Excess NAC forms part of the Krebs cycle intermediates that drive the metabolism of the 

mitochondria to generate more energy in the form of ATP. In addition, NAC can induce the 

reduction of NAPQI into APAP through sulfonation (Yoon et al., 2016). As an antioxidant, NAC 

can directly inhibit oxidative stress by stimulating a nuclear factor erythroid 2-related factor 2 

(Nrf2) that is responsible for the upregulation of genes that code for antioxidants like 

glutathione-s-transferase (GST), superoxide dismutase (SOD) and NADPH quinone 

oxidoreductase 1 (NQO1) (figure 25). 

 
The 21-hour intravenous 3 bag NAC regimen (150 mg/kg in 200 mL over 1 hour, 50 mg/kg over 

4 hours and 100 mg/kg over 16 hours) for APAP overdose has been used for four decades (Wong 

et al., 2020). However, patients on this therapy presented with anaphylaxis and gastrointestinal 

system adverse reactions (Wong et al., 2020). To counteract this, physicians used to stop NAC 

therapy for a short time and introduce anti-histamine (such as epinephrine) to treat the adverse 

reactions and this led to administration errors due to the complexity of the 3 bag regimen therapy 

(Pettie et al., 2019) and long hospital stays for patients (Au and Zakaria, 2014). As part of an 

intervention, the 20-hour intravenous 2 bag NAC regimen (200 mg/kg over 4 hours and 100 

mg/kg over 16 hours) (Wong et al., 2020) was used instead, which is safe with reduced 

incidences of anaphylactic reactions and shows high efficacy in the treatment of APAP 

overdose (Pettie et al., 2019). NAC is highly active when given in the first 8 hours post APAP 

overdose (Ershad et al., 2019), which is estimated as the time before levels of ALT peak in serum 

(Heard and Dart, 2017). NAC can also be administered orally with a loading dose of 140 mg/kg 

followed by a maintenance dose of 70 mg/kg every 4 hours for 72 hours (Heard and Dart, 

2017). Treatment should result in undetectable levels of APAP in blood. Prior to stopping 

treatment, it is recommended that APAP serum concentrations and ALT levels be measured to 

monitor if liver injury occurred or whether a liver transplant is needed (Heard and Dart, 2017). 

 
1.6.3 NAC in other types of DILI 

The potential of NAC in preventing or reversing DILI as a result of cocaine and endotoxin (Labib 

and Abdel-Rahman, 2003) and acute carbon tetrachloride (Maksimchik et al, 2008) toxicity in 

animal models, to name a few, has been shown. Unclear results from an open-label trial were 

generated where NAC was co-administered with INH and RIF (Ramappa and Aithal, 2013). This 

has led to the uncertainty of the potential of NAC in treating or preventing the development of 

DILI resulting from antituberculosis medication. Therefore, these findings need to be confirmed 

through other studies (Devarbhavi et al., 2011). 
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1.7 Zebrafish larvae as a model organism for DILI 

Characterised by their striped, black and white zebra-patterned bodies, the zebrafish (Danio 

rerio) is a vertebrate that inhabits floodplains that are found in slow-moving waters like lakes or 

ponds (Bhandari, 2021). The first publication on zebrafish was made in the year 1822 by an 

Indian surgeon, Francis Hamilton (Hamilton, 1822). Following Hamilton’s publication, a 

scientist from the University of Oregon by the name of George Streisinger, also known as the 

father of zebrafish research developed methods for manipulating the genome of zebrafish 

(Khan and Alhewairini, 2018). To this day, the zebrafish serves as the most widely used model 

in biomedical research, genetics, and biology. It is also used in the pharmaceutical industry to 

test the effect of drugs and chemicals (Cassar et al., 2019). The zebrafish model has been 

validated for modeling human diseases (Khan and Alhewairini, 2018) such as cancer (Ignatius 

et al., 2018), mycobacterial infections (Meijer and P Spaink, 2011) and liver steatosis (Dai et 

al., 2015). The zebrafish larval model for toxicology has been developed for use in research for 

many reasons and one of these is to test if the drugs are suitable to be administered in humans 

and to check the outcome after administration of the drug (Caballero and Candiracci, 2018). 

After fertilisation, the zygote grows into a pharyngeal that hatches as a larva at 72 hpf (hours 

post fertilisation). This larva then grows into an adult zebrafish at 90 dpf (days post fertilisation) 

(Hosen et al., 2013; van Wijk et al., 2016). The physiological processes, morphology (figure 

26) and pathology of zebrafish are similar to those in humans (So et al., 2020). About 70% of 

human genes and 82% of genes associated with human diseases are similar to those of 

zebrafish (Bhandari, 2021). The zebrafish has a fully functional liver at 72 hpf (He et al., 2013; 

Garcia-Cortes et al., 2020; Verstraelen et al., 2016). The metabolic pathways in zebrafish are 

similar to those in humans, possessing a wide range of cytochrome P450 enzymes that allow 

metabolic reactions of hydroxylation, conjugation, oxidation and demethylation, thereby 

providing a suitable tool to study hepatotoxicity (Goessling and Sadler, 2015). There are many 

reports in literature on the use of zebrafish and zebrafish larva in investigating the potential of 

hepatotoxicants in developing DILI (Jia et al., 2019; Zhang et al., 2016; Zhang et al., 2017) and 

also interventions that have been used to reverse DILI (North et al, 2010). 
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Figure 26: The structures of zebrafish and mammalian liver (So et al., 2020) 

 
 
 

 
1.7.1 Quantification of liver injury in zebrafish larvae 

Liver histopathology tests are performed in zebrafish to check whether after treatment, there 

is normal liver cell structure, shape and tight cell-cell contacts in zebrafish larval tissue. 

Histopathology that has been observed is the appearance of mitochondria shaped like a clover 

leaf, presence of fatty droplets following staining such as Oil red O and Nile red stains (Zheng 

et al., 2015), macro vesicular triglyceride droplets (Braunbeck et al., 1990) and cell death (North 

et al., 2010). The websites www.zfin.org and zfatlas.psu.edu contain information on normal 

zebrafish tissue to assist in the detection of any changes that may arise from treatment. The 

phenotypic endpoints that indicate liver toxicity in a zebrafish larval model are retention of the 

yolk sac, modification of the size of the liver and abnormality of the morphology of the liver 

(Vliegenthart et al., 2014). The locomotor activity of zebrafish is also assessed to check the 

distance that is moved by the zebrafish over a period of five minutes to indicate toxicity (Reuter 

et al., 2016). Zhang and colleagues have also used methods of acridine orange staining as a 

way of detecting cell death, oxidative stress tests, Real Time polymerase chain reaction (RT- 

PCR) and the production of ROS to assess hepatotoxicity (Zhang et al., 2017). In addition, liver 

injury can be quantified by measuring liver enzymes such as ALT, AST and Gamma- glutamyl 

transferase (GGT) in blood using respective diagnostic kits in both zebrafish and in humans 

(Zhang and Gong, 2014). The zebrafish larvae serve as a better model for studying human 

diseases such as DILI over other animal models (Zhang et al., 2017). Table 2 below 

summarises the advantages of using zebrafish larvae for modelling human disease 
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Table 2: Advantages of the zebrafish model over other research models 
 

Characteristic Advantage Reference 

 
Develop and reproduce 

rapidly 

 Allow for larger sample 

size and prevention of 

spending long time for 

research 

Zhang et al., 2017; 

Diekmann and Hill, 2013; 

He et al., 2013 

 
 

Transparency 

 Allows for easy 

visualisation of internal 

organs such as the liver 

Van Wijk et al., 2020; 

Goessling and Sadler, 

2015; He et al., 2013; 

van Wijk et al, 2016 

 
Inexpensive 

 Allows for preservation of 

resources 

Goessling and Sadler, 

2015; Poon et al., 2017 

 
Fully developed and 

functional organs at 72hpf 

 Allows for processes 

such as metabolic 

processes to occur 

Vliegenthart et al., 2014 ; 

Mesens et al., 2015 ; 

Pandya et al., 2016 

 
Similar metabolic 

processes as in humans 

 Suitable model for 

studying liver toxicity 
Zhang et al., 2017; So et 

al., 2020; Vliegenthart et 

al., 2014 

 
 

 
Embryo develop in the 

exterior environment 

 Protection from any 

effects that may come 

from the mother 

 Allows for screening of 

different compounds at 

different developmental 

stages 

 
 

Zou et al., 2017; 

Goessling and Sadler, 

2015 

 
 

 
Small size 

 Allows for easy handling 

and growing of many 

larvae on each well of a 

multi-well plate 

 Allows for use of a small 

drug quantity for 

treatment 

 
Caballero and 

Candiracci., 2018; 

Goessling and Sadler, 

2015; He et al., 2013; Jia 

et al., 2019 

 
 

 
Many offspring 

 Allows for screening of a 

range of compounds in a 

short period 

 Allows for repetition of 

experiments to improve 

validity of results 

 
 
 
Goessling and Sadler, 

2015; Zou et al., 2017 

 
Treatment absorption via 

the gills, skin and gut 

 Allows for easy addition 

of treatment in fish 

medium 

 

He et al., 2013; 

Diekmann and Hill, 2013 
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1.8 Analytical methods and software 

Daniovision and EthoVision software 

The DanioVision is an instrument equipped with EthoVision software that is used for tracking 

the movement of tiny organisms including zebrafish larvae to study their behavioural activity 

(Oren et al., 2015; Abdelrahman et al., 2018). 

 

Figure 27: DanioVision set-up with EthoVision software (Oren et al., 2015) 

 
 

This system is equipped first, with a chamber for observing the organism, which is comprised 

of: a multi-well plate holder, a highly sensitive camera with the highest speed and light source 

allowing for easy light and dark condition adjustments and for stimulating a response in other 

assays or organisms that require flash light in order to respond; secondly, with a unit for 

controlling the temperature (usually set at 28.5˚C); and lastly, a computer with an EthoVision 

XT software (figure 27) for controlling the light source and to generate a video for tracking the 

movement of the organism in the plate (Oren et al., 2015). Apart from the light stimulus, the 

DanioVision is also equipped with a tapping device that can generate sound and vibrations in 

order to stimulate a response (Oren et al., 2015). 

 

1.8.1 High performance Liquid chromatography (HPLC) 

Chromatography is defined as the separation of parts of a mixture that is exerted into a 

stationary phase, facilitated by a mobile phase that flows through a column. 

 

 

Figure 28: The components of an HPLC system (Czaplicki, 2013) 
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In HPLC, a high-pressure pump is attached into the column through an injector (figure 28) that 

inject the sample into the column at high pressure (Coskun, 2016). The column is packed with 

a small particle sized absorbent material. In the column, high efficiency of separation increases 

giving high resolution of the peaks. The separation of the molecules is dependent on the 

molecular weight and the affinity of these molecules to the stationary phase as well as the 

temperature and the composition, pH, polarity and flow rate of the mobile phase. (Sahu et al., 

2018). With the help of a detector connected that collects the information and report it on a 

computer a peak, the concentration and the identity of the analytes can be measured. The can 

be done by running the samples against a standard curve of calibration standards of known 

concentration. With an increase in concentration of the analyte of interest, the area under the 

curve in the peaks increases. The use of HPLC is advantageous as the results after a run can 

be stored and retrieved any time after every analysis (Gowramma et al., 2019). 

HPLC can either be normal with a polar stationary phase with a non-polar mobile phase or 

reversed phase (RP) with a non-polar stationary phase and a polar mobile phase. The polar 

stationary phase of the normal phase (NP-HPLC) is due to the Si-OH in the silica molecules in 

the stationary phase therefore, resulting in the retention of polar molecules in the stationary 

phase while the non-polar molecules move down the column in the mobile phase. However, in 

RP-HPLC, the non-polar molecules get retained in the stationary phase while the polar 

molecules move down the column in the mobile phase. Other type of HPLC include size 

exclusion and Ion exchange HPLC separating the molecules based on the size and molecular 

charge, respectively. 

 
Once an HPLC method is developed, it needs to be validated according to the International 

Council for Harmonisation (ICH) and the Food and Drug Administration (FDA) guidelines to 

ensure that the suitability of the method for purpose. HPLC has been used in the 

pharmaceutical industry to test the stability of a variety of compounds in different conditions. 

The aim of conducting a stability test on a drug is to test how the value of that particular drug 

changes over time (Ciobanu et al., 2017; Osman and Elbashir, 2017). The factors that can 

influence the stability of the drug include light, temperature and humidity (Osman and Elbashir, 

2017). 

 
 
 

1.8.2 Liquid chromatography-mass spectrometry (LC-MS) 

 

Liquid chromatography-mass spectrometry is a conjugation of liquid chromatography with 

mass spectrometry and is a widely used technique in the pharmaceutical industry for analysing 

analytes or biomarkers in biological or other samples. The LC-MS instrument comprises of a 

liquid chromatography and mass spectrometry unit such as the HPLC and a mass 
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spectrometer. The sample components (figure 29) are first separated in the HPLC column 

based on their affinity to the stationary phase. 

 

 
Figure 29: The components of LC-MS system (Banerjee and Mazumdar, 2012) 

 
 

 
The separated sample then gets sprayed into an Atmospheric Ion Source (API) where they get 

converted into ions in the gas phase and most of the eluent gets pumped into waste. The ion 

source is the most significant component of any MS analysis because it helps in the generation 

of ions for the analysis. The most common ion sources include Atmospheric Pressure Chemical 

Ionization (APCI) and the Electrospray Ionization (ESI). The choice of an ion source depends 

upon the polarity of the analyte of interest. Then the ions get sorted according to their mass to 

charge (m/z) ratio (Pitt, 2009) in a high vacuum by a mass analyzer. Types of mass analysers 

include quadrupole, time of flight, ion trap and magnetic sector. Thereafter, the concentration 

of these separated ions is measured by a detector and the results get displayed as a mass 

spectrum on a computer that is connected to the LC-MS instrument. Commonly used mass 

detectors include electron multiplier, dynode, multichannel plate and photodiode detector 

(Banerjee and Mazumdar, 2012). Once an LC-MS method is developed, validation according 

to FDA and ICH guidelines is required to prove that the method is accurate and precise. Method 

validation parameters include system suitability, specificity, linearity, precision, accuracy, limit 

of detection, limit of quantification and robustness. LC-MS can be used in testing the stability 

of drugs in conditions such as at different temperatures by measuring the drug concentrations 

at these conditions at a specific time point (Desmarchelier et al. 2018; Rochani et al., 2020). 
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Chapter 2 

Rationale, hypothesis, aim and objectives 
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2.1 Rationale and hypothesis 

Many studies on humans (Huang et al., 2018) and animal models like mice (Mohar et al., 2014), 

rats (Aycan et al., 2014) and zebrafish larvae (North et al, 2012) have reported the potential of 

APAP in causing DILI after overdose of the drug, making APAP a known inducer of liver injury. 

Many studies on NAC intervention to DILI as a result of certain drugs have been conducted in 

humans (Moosa et al., 2021) and animal models like mice (Saito et al., 2010), rats (Attri et al., 

2000) and zebrafish larvae (North et al, 2012). APAP overdose can be reversed by the infusion 

of NAC within 8 hours after overdose (Ershad et al., 2019), otherwise liver injury is prone to occur 

and progress to liver failure (Bruells et al., 2021). In addition, NAC has been reported to be 

effective in treating APAP overdose poisoning after oral administration (Pedre et al., 2021). Out 

of the four highly effective first line TB drugs, INH (Sachar et al., 2016; Loots et al., 2005; Jia et 

al., 2019; Zhang et al., 2017), PZA (Loots et al., 2005; Younossian et al., 2005; Zhang et al., 

2016) and RIF (Sahu et al, 2015; Loots et al., 2005; Saukkonen et al., 2006) are known to be 

associated with adverse drug reactions, the most common of which is DILI, especially during 

the start of the highly intensive phase of antituberculosis chemotherapy (Combrink and du 

Preez, 2020). However, no information has been reported on the hepatotoxicity potential of 

EMB (Ramappa and Aithal, 2013). This therefore requires that during antituberculosis 

chemotherapy, therapeutic drug monitoring must be performed (Ramappa and Aithal, 2013). 

However, therapeutic drug monitoring is not done frequently (Babalik et al., 2011). 

 
Unclear evidence exists for the potential of NAC in treating or preventing the development of 

drug induced liver injury due to TB drugs (Ramappa and Aithal, 2013). It is therefore 

hypothesized that NAC is able to reverse liver injury due to first line TB medication since it has 

been shown to be highly effective in the treatment of DILI associated with APAP and has in fact 

become the standard of care (Chughlay et al., 2016) and forms part of the vital medicines as 

reported by the WHO (WHO, 2019). This means that the risk of introducing it as a treatment is 

low. Therefore, a zebrafish larval model for DILI due to these drugs, individually and in 

combination needs to be developed and the potential of NAC in reversing the DILI needs to be 

investigated in the same model. 

 

2.2 Research question 

Can NAC prevent and reverse hepatotoxicity associated with first-line TB drugs, as well as 

combinations thereof? 

Stellenbosch University https://scholar.sun.ac.za



32  

2.3 Aim 

This study aims to evaluate drug-induced hepatotoxicity as a result of first-line antituberculosis 

medication, and combinations thereof, and to test the efficacy of NAC in the prevention and 

treatment of hepatic injury caused by antituberculosis drugs using a zebrafish larval model. 

 

2.4 Objectives 

 Conduct solubility and stability assessment for APAP and all first line TB drugs 

 Perform toxicity assays for NAC, APAP, INH, PZA, RIF and EMB to determine the safe 

dose (for NAC) and the dose produce most damage for each drug, using Oil red O liver 

stains and EthoVision movement tracking software (for NAC) as endpoints 

 Develop a zebrafish larval model for DILI as a result of first-line TB medication by using 

APAP as a positive control 

 Investigate the potential intervention of N-acetyl cysteine for the prevention of DILI by 

evaluating Oil red O liver stain reduction 
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Chapter 3 

Materials and methods 
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3.1 Reagents and Chemicals 

Absolute ethanol was purchased from B & M Scientific (B & M Scientific, Cape Town, South 

Africa). Reference standards of N-acetyl cysteine, Acetaminophen, isoniazid, ethambutol, Oil 

Red O, L-ascorbic acid, Tween 20, Phosphate-buffered saline (PBS), glycerol and agarose 

were purchased from Sigma-Aldrich (St Louis, MO, USA). Reference standards of Rifampicin 

and Pyrazinamide were purchased from Toronto Research Chemicals (Toronto, Canada). 

Ammonium formate and formic acid were obtained from Fisher Chemical (Madrid, Spain & 

Norcross, United State of America). Methanol and Acetonitrile were obtained from Romil Pure 

Chemistry (Johannesburg, South Africa). Burdick and Jackson Isopropanol was purchased 

from Honeywell Burdick & Jackson (Muskegon, United State of America). 

 

3.2 Zebrafish embryos care and maintenance 

Fertilised zebrafish eggs were sourced from the Zebrafish Research Facility at Stellenbosch 

University at the Division of Clinical Pharmacology, Faculty of Medicine and Health Sciences. 

Following collection, zebrafish eggs were transferred into clean petri dishes with fish water (E3) 

(which was refreshed after every 24 hours) and then incubated at 28˚C. The E3 embryo water 

was made up of 15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 0.05 Mm Na2CO2, 3 drops 

per litre Methylene blue and distilled water with a pH between 7.20 and 7.80. These conditions 

allow for proper development of the embryos. After every 24 hours, the embryos were assessed 

for any abnormalities or fatalities by observation under the stereomicroscope and dead or 

abnormal embryos were removed from the dishes. Zebrafish embryos at 2 dpf were used for 

further experiments. 

 
3.3 Instrumentation 

The masses of all drugs, salts and stains used during experiments were weighed out using the 

BOECO Balance BXX (Axiology Lab, RSA). Zebrafish larvae were tracked by a Daniovision 

larval activity tracking equipment coupled with an Ethovision software (Noldus, Wageningen, 

Netherlands). Samples and mobile phases were sonicated using an ultrasonic bath (United 

Scientific, South Africa). Acetaminophen, as well as the first line TB drugs (Isoniazid, 

Pyrazinamide and Rifampicin), were analysed on the Shimadzu HPLC (Shimadzu LC-2050C 

3D coupled with a binary pump, autosampler, column compartment and Photodiode-Array 

(PDA) detector and Ex-Bioanalytics software). The wavelength of acetaminophen was 

determined prior to method development using the DU® 640 Spectrophotometer, Beckman. 

Ethambutol was analysed on the Shimadzu LC-MS instrument (Shimadzu LC-20AD XR binary 

pump, SIL-20_AC XR Autosampler; Shimadzu CTO-20A column compartment and Shimadzu 

8040 triple quadrupole mass spectrometer and Lab solutions software). Distilled water was 
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obtained from a Milli-Q® water purification system coupled with Synergy® UV system 

(Molsheim, France). 

 
 

3.4 Methods 

3.4.1 HPLC method development and validation 

For stability testing of the three first line TB drugs (INH, PZA and RIF) in E3 medium, the 

following HPLC methods that have been previously developed and validated by Mr Cassius 

Phogole from Stellenbosch University for the completion of his MSc in Pharmacology have 

been used. For assessing the stability of EMB in E3 embryo water, a previously developed and 

validated LC-MS method was used. Below is a summary of the HPLC and LC-MS methods used 

for the analysis of test samples. The chromatograms of the analytes are depicted in figure 30 

below. 

i. Isoniazid: 

Quantification of isoniazid was performed on an HPLC system coupled with a detector set at 

a wavelength of 264 nm. Chromatographic separation was accomplished by isocratic elution 

of 95: 5 (A: B; v/v) using a Poroshell 120 EC-C18 (4.6 x 100 mm, 2.7 µm) column at 0.550 

mL/min flow rate. The mobile phase A was prepared with water + 2 mM ammonium acetate + 

0.1% acetic acid, and mobile phase B was prepared with methanol: water (95:5, v/v) + 2 mM 

ammonium acetate + 0.1% acetic acid. The mobile phase was filtered before use. The column 

temperature was maintained at ambient conditions and the injection volume was 20 μl. 

ii. Pyrazinamide: 

The analysis of pyrazinamide was carried out on an HPLC system consisting of a quaternary 

pump, autosampler, and UV detector. Separations were performed on a Poroshell 120 EC- 

C18 (4.6 x 100 mm, 2.7 µm) column. UV detection was at 265 nm. Mobile phase A was a 

mixture of water + 0.1% formic acid and mobile phase B was a mixture of acetonitrile + 0.1% 

formic acid. Isocratic elution at 3.4 min was achieved by composition of 40: 60 (A: B; v: v). The 

flow rate was 0.350 mL/min, and the injection volume was 5 μl. 

iii. Rifampicin: 

The chromatographic quantification of rifampicin was carried out on an HPLC system coupled 

with a UV detector. Chromatographic separation was accomplished on a Venusil XBP C18 (2) 

(4.6 x 150 mm, 5 µm) column at room temperature. The analysis was performed at 334 nm 

using optimized mobile phase A consisting of water: acetonitrile (95:5, v/v) + 10 mM ammonium 

formate + 0.1% formic acid and mobile phase B consisting of acetonitrile: methanol: water 

(65:30:5, v/v/v) + 10 mM ammonium formate + 0.1% formic acid. The mobile phase flow rate 

was 0.500 mL/min, injection volume 10 µL and run time was 11 min. Gradient elution mode 

was achieved at 55-95% B over 6 minutes; 95-55% B over 7 minutes; and re- equilibration over 

11 minutes. 
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iv. Ethambutol: 

EMB is a small compound that has poor UV absorbance, making it difficult to develop a 

reversed phase HPLC method for the quantification of this compound (Jyothi et al., 2016). 

Therefore, a previously developed LC-MS method has been used for the analysis of standards 

(STDs), quality controls (QCs) and test samples for EMB. Quantification was carried out using 

a Shimadzu LC-MS instrument. Chromatographic separation was achieved using a Poroshell 

120 EC-18 column (3, 0 X 100mm, 2.7µm) with gradient elution of 5% B over 1 min; 5-40% B 

over 1.25 min; 40-5% B over 0.5 min, equilibration at 5% B over 3 min. Mobile phase A 

consisted of 0.1% acetic acid in water and mobile phase B consisted on acetonitrile. A multiple 

reaction monitoring method in the positive ion mode was developed following the transitions 

m/z 205.0000→ 116.1500 and 205.0000→ 98.1000. The injection volume was 5 µL. Source 

settings were maintained at -15 eV collision energy, dwell time of 97 msec, Q1 Pre Bias of -12 

V and QC Pre Bias of -12 V. 

 
 

 

A INH (10 µg/mL) B PZA (10 µg/mL) 

  

C RIF (10 µg/mL) D Ethambutol (0.041 µg/mL) 

 

 
7000 1:205.0000>116.1500(+) 

1:205.0000>98.1000(+) 

6000 
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4000 

 
3000 

 
2000 

 
1000 
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0.0 1.0 2.0 3.0 4.0 5.0 

 

Figure 30: Chromatograms for (A) INH; (B) PZA; (C) RIF and (D) EMB 
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3.4.2 APAP HPLC method development 

An accurate and precise HPLC method was developed and validated for APAP. Prior to method 

development, a suitable wavelength (between 200 and 800 nm) for detection of APAP was 

determined using the spectrophotometer. APAP was prepared at a concentration of 10 µg/mL 

and the maximum absorbance wavelength of 247 nm was used for developing the method. 

 
APAP was analyzed on a Shimadzu HPLC system coupled with an ultraviolet detector. 

Successful separation was achieved by isocratic elution on a reverse-phase Venusil XBP C18 

(4.6 X 100 mm, 5 µm) column, using a mobile phase consisting of 0.1% formic acid in water 

and acetonitrile (82:18; A: B; v: v) at 0.650 mL/min flow rate, detection wavelength of 247 nm, 

column oven temperature of 28°C and injection volume of 10 μL. The chromatographic 

retention time was consistent at 3.26 min with excellent chromatographic peak, as shown in 

figure 31 below. 

 

 
Figure 31: Chromatogram of APAP (1 µg/mL) 

APAP 
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3.4.3 Analytical Method pre-validation 

Validation of an HPLC method is crucial to prove the reliability and reproducibility of the 

method. For a method to be considered as valid in pre-clinical settings, the accuracy and 

precision of all STDs and QCs needs to be measured and must fall within acceptable limits as 

recommended by the FDA guidelines. Accuracy is the measure of how close the observed 

concentration is to the nominal concentration while precision (%CV), also known as the 

coefficient of variation, is the measure of how close the observed concentration replicates are 

to one another. The accuracy for all STDs and QCs in a batch must be between 85-115%, 

whereas for the LLOQ, it must be between 80-120%. However, the precision must be within 

15% for all STDs and QCs and within 20% for the LLOQ in a batch. For the purpose of this 

study, a pre-validation was performed by construction of a calibration curve using the STDs 

and QCs. 

 

i. Preparation of reference stock solutions for the drugs 

Reference standards (SS) of each drug were weighed out and used to prepare reference stock 

solutions in the recommended solvent as outlined on the certificate of analysis. Each reference 

stock solution was prepared at a concentration of 1 mg/mL by adjusting the mass weighed out 

to purity (table 3). Samples were vortexed to get the drugs into solution. After preparation, the 

prepared stock solutions were then stored at -80˚C until use. 

 
Table 3: Preparation of reference stock solutions for the drugs 

 

 

 
Analyte 

 
Mass 

weighed out 

(mg) 

 
Mass 

adjustment 

(mg) 

 

% 

Purity 

 

 
Solvent 

 
Solvent 

volume 

(mL) 

 

Concentration 

(mg/mL) 

Isoniazid 1.08 0.940 99.0 Water 0.931 1.00 

Pyrazinamide 1.20 1.07 99.0 Acetonitrile 1.06 1.00 

Rifampicin 1.21 1.15 97.0 Methanol 1.12 1.00 

Ethambutol 1.15 1.13 99.0 Water 1.12 1.00 

Acetaminophen 2.14 2.03 99.0 Methanol 2.01 2.00 
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ii. Preparation of calibration standards and quality control samples 

For the preparation of calibration standards, seven working stock solutions of each drug of 

concentrations between 31.3 µg/mL to 2000 µg/mL were prepared in 1.5 mL microcentrifuge 

tubes by serial dilution using the reference stock solution. Calibration standards 1 to 7 were 

then prepared by spiking 50 µL of working stock solution into 950 µL of solvent to make the 

respective calibration standard. Vortexing of the samples for a minute was used to get the drugs 

into solution. The calibration standards concentration range was selected based on the drug 

concentration range used to dose the zebrafish larvae. Calibration standards were stored at -

80˚C until use. Tables 4 and 5 below shows the preparation of the STDs and QCs of APAP. 

 
Table 4: The preparation of the calibration standards from the working stock solutions of APAP 

 
 

Sample 
ID 

Volume 
of 

solvent 
(µL) 

 
WS 

Concentration of 
WS 

(µg/mL) 

 

Amount 
spiked (µL) 

Total volume 
of solvent 

and spiking 
solution (mL) 

Final 
concentration 

(µg/mL) 

STD 1 950 ws 1 2000 50.0 1.00 200 

STD 2 950 ws 2 1000 50.0 1.00 100 

STD 3 950 ws 3 500 50.0 1.00 50.0 

STD 4 950 ws 4 250 50.0 1.00 25.0 

STD 5 950 ws 5 125 50.0 1.00 12.5 

STD 6 950 ws 6 62.5 50.0 1.00 6.25 

STD 7 950 ws 7 31.3 50.0 1.00 3.13 

STD: Standard; WS: Working solution 

 
 

iii. Preparation of quality controls 

Quality controls (QCs) were prepared at high, medium and low concentrations, using the same 

reference stock solution that was used to prepare the calibration standards. Prior to the 

preparation of the QCs, working stock solutions at 1600 µg/mL, 800 µg/mL and 90 µg/mL were 

prepared in the respective solvent. The QCH, QCM and QCL were prepared at a concentration 

of 160 µg/mL, 80 µg/mL and 9 µg/mL by spiking 100 µL of working stock solution to 900 µL of 

solvent, respectively. Working stock solution 3 (WSQ3) at 400 µg/mL was only used to facilitate 

the dilution steps. All samples were vortexed to solubilize the drug. All QCs were stored at - 

80˚C until use. 
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Table 5: The preparation of QCs from the working stock solutions of APAP 
 

 
 

 
WS 

 
 

Source 
solution 

 

 
Solvent 
volume 

(µL) 

 

 
Spiking 
solution 

(µL) 

 

 
WS 

concentration 
(µg/mL) 

 
 

 
QC 

 
WS 

volume 
spiked in 
solvent 

(µL) 

 

 
Solvent 
volume 

(µL) 

 

 
QC 

concentration 
(µg/mL) 

WSQ1 SS 200 800 1600 QCH 100 900 160 

WSQ2 WS 1 500 500 800 QCM 100 900 80.0 

WSQ3 WS 2 500 500 400 - - - - 

WSQ4 WS 3 775 225 90.0 QCL 100 900 9.00 

 
 
 

3.4.4 Stability assessment of INH, PZA and RIF 

For this study, solubility and stability studies were carried out to test whether the analytes were 

soluble in E3 medium and also stable when the samples are placed in the laboratory incubator 

set at 28 ˚C for three consecutive days. For the toxicity and intervention experiments, the drugs 

would be added to the zebrafish larvae in the E3 medium, and solubility and stability in this 

medium at 38°C is vital information. For the stability assessment of the analytes, the samples 

at high and low QC levels were prepared and placed at 28°C as this is the optimal temperature 

in which the larvae live. For a test sample to be considered stable, the percentage difference 

between the test sample and the reference sample must be within 15%. 

 

i. Preparation of calibration standards from drug working stock solutions 

For the preparation of calibration standards, seven working stock solutions of each drug 

covering a range of 0.156 µg/mL to 10 µg/mL were prepared by serial dilution using the 

reference stock solution prepared as described in section 3.4.3 in table 3, prepared in the 

appropriate solvent listed in the certificate of analysis for optimal solubility. Calibration 

standards 1 to 7 were then prepared by spiking a 50 µL of working stock solution to a 950 µL 

of solvent to make the respective calibration standard using the respective working stock 

solution. Samples were solubilized through vortexing. The calibration standards concentration 

range was selected based on the drug concentration range used to dose the zebrafish larvae. 

Calibration standards were stored at -80˚C until use. 
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Table 6: The preparation of the calibration standards from the INH, PZA and RIF working stock 

solutions 

 

 
Sample 

ID 

Volume 

of 

solvent 

(µL) 

 
 

WS 

Concentration of 

WS 

(µg/mL) 

 
Amount 

spiked (µL) 

Total volume of 

solvent and 

spiking 

solution (mL) 

Final 

concentration 

(µg/mL) 

STD 1 950 ws 1 200 50.0 1.00 10.0 

STD 2 950 ws 2 100 50.0 1.00 5.00 

STD 3 950 ws 3 50.0 50.0 1.00 2.50 

STD 4 950 ws 4 25.0 50.0 1.00 1.25 

STD 5 950 ws 5 12.5 50.0 1.00 0.625 

STD 6 950 ws 6 6.25 50.0 1.00 0.313 

STD 7 950 ws 7 3.13 50.0 1.00 0.156 

 

ii. Preparation of quality controls 

QCs were prepared at high, medium and low concentrations using the same reference stock 

solution that was used to prepare the calibration STDs. Prior to the preparation of the QCs, 

working stock solutions at 160 µg/mL, 80 µg/mL and 8 µg/mL were prepared in the respective 

solvent. The working stock solutions were then used to prepare the QCs at QC-Low, QC- 

Medium and QC-High at a concentration of 8 µg/mL, 4 µg/mL and 0.4 µg/mL by spiking a 50 

µL of working stock solution into 950 µL of solvent. Samples were solubilized by means of 

vortexing. The QCs were stored at -80˚C until use. 

 
Table 7: The preparation of INH, PZA and RIF QCs from the working stock solutions 

 

 
 

 
WS 

 

 
Solvent 

volume 

(µL) 

 
 

Source 

solution 

 
Spiking 

solution 

volume 

(µL) 

 
 

WS 

concentration 

(µg/mL) 

 
 

 
QC 

WS 

volume 

spiked 

in 

solvent 

(µL) 

 

 
Solvent 

volume 

(µL) 

 

 
QC 

concentration 

(µg/mL) 

WSQ1 840 SS 160 160 QCH 50.0 950 8.00 

WSQ2 500 WSQ1 500 80.0 QCM 50.0 950 4.00 

WSQ3 900 WSQ2 100 8.00 QCL 50.0 950 0.400 

Stellenbosch University https://scholar.sun.ac.za



42  

iii. Preparation of test samples in E3 embryo water 

For the preparation of the test samples, working stock solutions of each drug were prepared 

at high (160 µg/mL) and low (8 µg/mL) QC concentrations by serial dilution using the respective 

solvent (for RIF, 1 mg/mL of ascorbic acid in methanol was used). Using the working stock 

solutions, test samples were prepared at low and high QC concentrations at 8.00 µg/mL and 

0.400 µg/mL by spiking 200 µL of working stock solution into 3800 µL of E3 embryo water. 

Working stock solution 2 (WSQ2) at 80 µg/mL was only used to facilitate the dilution steps. 

Thereafter, the test samples were stored in the laboratory incubator at 28˚C over 3 days. After 

every 24 hours, test samples were sampled from the incubator and were stored at -80˚C until 

analysis. The samples at time 0 were used to assess the baseline stability and solubility of the 

analyte in E3 embryo water. 

 
Table 8: The preparation of INH, PZA and RIF test samples in E3 embryo water from the 

working stock solutions 
 

 

 
WS 

Solvent 

volume 

(µL) 

 
Source 

solution 

Spiking 

solution 

volume 

(µL) 

WS 

concentr 

ation 

(µg/mL) 

 

 
QC 

WS 

volume 

spiked in 

E3 (µL) 

E3 

volume 

(µL) 

QC 

concentrati 

on (µg/mL) 

WSQ1 840 SS 160 160 QCH 200 3800 8.00 

WSQ2 500 WSQ1 500 80.0 
 

- - - 

WSQ3 900 WSQ2 100 8.00 QCL 200 3800 0.400 

 
 
 

3.4.5 Stability assessment of RIF in E3 embryo water with ascorbic acid at 20 µg/mL 

The solubility of RIF in an aqueous environment has been shown to improve by the addition of 

ascorbic acid (Phogole, 2022). Therefore, in an attempt to improve the solubility of RIF in E3 

embryo water over time, the RIF test samples were prepared at high and low QC 

concentrations in E3 embryo water with 20 µg/mL of ascorbic acid. Working stock solutions of 

RIF were prepared by serial dilution using the RIF stock solution (20 µg/mL RIF in methanol 

with ascorbic acid). Test samples were prepared at low and high concentrations of QC at 8.00 

µg/mL and 0.400 µg/mL by spiking 200 µL of working stock solution in 3800 µL of E3 embryo 

water. Working stock solution 2 (WSQ2) at 80 µg/mL was only used to facilitate the dilution 

steps. Samples were vortexed in order to get the drug into solution. Thereafter, the test samples 

were stored in the laboratory incubator at 28˚C over 3 days. After every 24 hours, test samples 

were taken from the incubator and stored at -80˚C until analysis. The samples at time 0 were 

used to assess the baseline stability and solubility of the analyte in E3 embryo water. 
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Table 9: Table showing the preparation of RIF test samples in E3 embryo water from the 

working stock solutions 

 

 
 

WS 

 
Solvent 

volume 

(µL) 

 
 

Source 

solution 

Spiking 

solution 

volume 

(µL) 

WS 

concentr 

ation 

(µg/mL) 

 
 

QC 

WS 

volume 

spiked in 

solvent 

(µL) 

 
Solvent 

volume 

(µL) 

 
QC 

concentrati 

on (µg/mL) 

WSQ1 840 SS 160 160 QCH 200 3800 8.00 

WSQ2 500 WSQ1 500 80.0  - - - 

WSQ3 900 WSQ2 100 8.00 QCL 200 3.8 ×10³ 0.400 

 
 

3.4.6 Stability assessment of EMB 

An ethambutol-D4 internal standard at 200 ng/mL was included in the preparation of the STDs, 

QCs and test samples for EMB. The internal standard was diluted to 0.2 µg/ml. This was done 

to compensate for any error that might have occurred during sample preparation. Test samples 

were prepared in E3 embryo water and placed in the incubator set at 28˚C for 3 days. The test 

samples were sampled from the incubator after every 24 hours and were placed at -80˚C until 

analysis. On the day of analysis, test samples were analyzed on the LC-MS instrument against 

the freshly prepared STDs and QCs in the solvent recommended on the certificate of analysis. 

Tables 10-12 below show how the STDs, QCs and test samples for EMB were prepared. 

 
Table 10: The preparation of the calibration standards from the EMB working stock solutions 

 

 
 

Sample 

ID 

Volume 

of 

solvent 

(µL) 

 
 

WS 

 
Concentration of 

WS 

(µg/mL) 

 
 

Amount 

spiked (µL) 

Total volume of 

solvent and 

spiking 

solution (mL) 

 
Final 

concentration 

(µg/mL) 

STD 1 150 ws 1 10.0 50.0 0.200 2.50 

STD 2 150 ws 2 5.00 50.0 0.200 1.25 

STD 3 150 ws 3 2.50 50.0 0.200 0.625 

STD 4 150 ws 4 1.25 50.0 0.200 0.313 

STD 5 150 ws 5 0.625 50.0 0.200 0.156 

STD 6 150 ws 6 0.313 50.0 0.200 0.0783 

STD 7 150 ws 7 0.156 50.0 0.200 0.0390 
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Table 11: The preparation of EMB QCs from the working stock solutions 
 

 

 
WS 

Solvent 

volume 

(µL) 

Spiking 

solution 

volume 

(µL) 

WS 

concentration 

(µg/mL) 

 

 
QC 

WS volume 

spiked in 

solvent 

(µL) 

Solvent 

volume 

(µL) 

QC 

concentration 

(µg/mL) 

WSQ1 950 50.0 10.0 QCH 50.0 150 2.50 

WSQ2 950 50.0 0.400 QCL 50.0 150 0.100 

 
 
 

Table 12: The preparation of EMB test samples in E3 embryo water from the working stock 

solutions 
 

 
 

WS 

 
Solvent 

volume 

(µL) 

 
Source 

solutio 

n 

Spiking 

solution 

volume 

(µL) 

WS 

concentra 

tion 

(µg/mL) 

 
 

QC 

WS 

volume 

spiked in 

solvent 

(µL) 

 
Solvent 

volume 

(µL) 

 
QC 

concentratio 

n (µg/mL) 

WSQ1 3600 SS 400 8.00 QCH 50.0 150 2.00 

WSQ2 3960 SS 40.0 0.400 QCL 50.0 150 0.100 

 
 
 

3.4.7 Concentration range finding experiments (Dose response experiment) 

The purpose of performing dose range finding experiments in toxicology is to determine the 

well-tolerated and toxic doses of the drugs in a zebrafish larval model. The optimal 

concentrations will then be used to answer the research question. For the purpose of this study, 

dose range finding experiments for all the drugs (NAC, APAP, INH, PZA, RIF and EMB) were 

performed. To do this, previously reported hepatotoxic concentrations of APAP, INH and PZA 

and safe concentration of NAC were used as references for the dose range finding experiments 

(Zhang et al., 2017; North et al., 2010). For EMB and RIF, there were no previously reported 

hepatotoxic doses for the drugs, therefore the doses were adjusted based on the human dose 

of the drugs. 

 

i. Dose response experiments for APAP, INH, PZA, EMB and RIF 

Zebrafish larvae at 48 hpf were pipetted into each well of a 6-well plate with 12 replicates per 

concentration. For preparation of treatment, a reference stock solution was prepared in E3 and 

2.4% Dimethyl sulfoxide (DMSO) and was then used for the preparation of the other treatments 

by serial dilution. For the positive control (2% ethanol) and each test concentration, 3 mL (2400 

µL of fish water and 600 µL of treatment) was added to each well of a 6-well plate. For the 
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negative control group 3 mL of E3 was added to the well. Each treatment was changed after 

every 24 hours for 3 days and after every change in treatment, the plate was placed in a 

laboratory incubator set at 28˚C. At 4 days post exposure (dpe), the larvae were fixed with 4% 

formaldehyde and kept overnight at 4˚C. On the next day, the 4% formaldehyde was removed, 

and the larva were stained with Oil red O (ORO) stain and were then taken for visualisation 

under the microscope. Reference stock solutions of the drugs were prepared in E3 embryo 

water with 2.4% DMSO of the total volume and were adjusted for purity. DMSO was used in 

order to facilitate the uptake of the drugs by the zebrafish larvae. 

 
 

Table 13: Preparation of reference stock solutions of the drugs in E3 embryo water with 2.4% 

DMSO 
 

 

 
Drug 

Concentration 

of ref stock 

(mg/mL) 

Amount 

weighed out 

(mg) 

Volume of E3 

embryo water 

(mL) 

Volume of 

2.4% 

DMSO 

(mL) 

Total 

volume 

(mL) 

INH 10.0 100 9.76 0.240 10.0 

PZA 10.0 100 9.76 0.240 10.0 

RIF 1.00 1.00 0.976 0.0240 1.00 

EMB 3.00 30.0 9.76 0.240 10.0 

APAP 1.00 10.0 9.76 0.240 10.0 

NAC 1.00 10.0 9.76 0.240 10.0 

 
 
 

Table 14: Preparation of INH treatment used to dose the zebrafish larvae at 48 hpf for 3 days 

in a 6-well plate 
 

Concentration 

(mM) 

Total volume 

(mL) 

Amount taken out of 

previous sample (mL) 

Volume of E3 

(mL) 

20.0 7.00 - - 

16.0 6.00 4.80 1.20 

12.0 5.00 3.75 1.25 

8.00 4.00 2.67 1.33 

4.00 3.00 1.50 1.50 

1.00 2.00 0.500 1.50 
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Table 15: Preparation of PZA treatment used to dose the zebrafish larvae at 48 hpf for 3 days 

in a 6-well plate 

 

Concentration 

(mM) 

Total volume 

(mL) 

Amount taken out of 

previous sample (mL) 

Volume of E3 

(mL) 

8.00 7.00 - - 

7.00 6.00 5.25 0.750 

5.00 5.00 3.57 1.43 

4.00 4.00 3.20 0.800 

2.00 3.00 1.50 1.50 

1.00 2.00 0.670 1.33 

 
 
 

Table 16: Preparation of RIF treatment used to dose the zebrafish larvae at 48 hpf for 3 days 

in a 6-well plate 
 

Concentration 

(mM) 

Total volume 

(mL) 

Amount taken out of 

previous sample (mL) 

Volume of E3 

(mL) 

12.0 7.00 0.346 6.65 

10.0 6.00 5.00 1.00 

8.00 5.00 4.00 1.00 

6.00 4.00 3.00 1.00 

4.00 3.00 2.00 1.00 

2.00 2.00 1.00 1.00 

 
 

 
Table 17: Preparation of EMB treatment used to dose the zebrafish larvae at 48 hpf for 3 days 

in a 6-well plate 

 

Concentration 

(mM) 

Total volume 

(mL) 

Amount taken out of 

previous sample (mL) 

Volume of E3 

(mL) 

2.00 7.00 6.53 0.470 

1.60 6.00 4.80 1.20 

1.20 5.00 3.75 1.25 

0.800 4.00 2.67 1.33 

0.400 3.00 1.50 1.50 

0.200 2.00 1.00 1.00 
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Table 18: Preparation of APAP treatment used to dose the zebrafish larvae at 48 hpf for 3 days 

in a 6-well plate 

 

Concentration 

(mM) 

Total volume 

(mL) 

Amount taken out of 

previous sample (mL) 

Volume of E3 

(mL) 

1.00 11.0 8.80 2.20 

0.900 10.0 9.00 1.00 

0.800 9.00 8.00 1.00 

0.700 8.00 7.00 1.00 

0.600 7.00 6.00 1.00 

0.500 6.00 5.00 1.00 

0.400 5.00 4.00 1.00 

0.300 4.00 3.00 1.00 

0.200 3.00 2.00 1.00 

0.100 2.00 1.00 1.00 

 

ii. Dose response experiment for NAC 

Individual zebrafish larvae were pipetted into a 96-well plate with 12 replicates per 

concentration. The negative control consisted of 250 µL of E3 embryo water while the positive 

tox control had 0.02 mg/mL 3,4-Dichloroalanine. For each test concentration, 200 µL of E3 

embryo water with each larva was pipetted and then 50 µL of treatment (N-acetyl-cysteine) was 

added to make a total volume of 250 µL. The 96-well plate was then placed in a laboratory 

incubator set at 28˚C. After an hour, each larva was visualised under the microscope to check 

for any injuries that occurred during the pipetting stage. After observation, the plate was placed 

back into the incubator. After 24 hpe (hours post exposure), the movement of each fish was 

tracked on the EthoVision movement tracking software to evaluate the response to treatment. 

 

Table 19: The preparation of NAC treatment used to dose the zebrafish larvae at 72 hpf for 24 

hours in a 96-well plate 
 

Concentration 

(mM) 

Total volume 

(mL) 

Amount taken out of 

previous sample (mL) 

Volume of E3 

(mL) 

20.0 7.00 - - 

16.0 6.00 4.80 1.20 

12.0 5.00 3.75 1.25 

8.00 4.00 2.67 1.33 

4.00 3.00 1.50 1.50 

2.00 2.00 1.00 1.00 
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iii. Oil red O staining procedure: 

Oil red O (ORO) is a lipophilic dye that stains lipids and triglycerides. To make up the stain, 

0.250 g of ORO was dissolved in 50 mL of 100% isopropanol (0.5% ORO). For staining, 

zebrafish larvae were first tricained and then fixed overnight with 4% paraformaldehyde (PFA). 

Next, the paraformaldehyde was washed off 3 times with 500 µL of 1 X Phosphate Buffered 

Saline with Tween (1 X PBST), each for 5min. Once the washes were completed, zebrafish 

larva were stained with 300 µL of 0.5% ORO solution and 200 µL of distilled water and then 

incubated at room temperature for 15 min. After incubation, the stain was washed off 3 times 

using 500 µL of 1 X PBST for 5 min each. For thorough washing of the stain, 500 µL of 60% 

isopropanol was used twice for 5 min each. Thereafter, isopropanol was briefly rinsed off once 

with 1 X PBST. After washing, the zebrafish larvae were fixed with 4% PFA and were mounted 

in glycerol/ low melting point agarose prior to observation under the stereomicroscope. 
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Chapter 4 

Results 
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4.1 Results for method pre-validation 

In order to prove that the HPLC method for quantification of APAP was accurate and precise, 

a single validation batch of the APAP STDs (in duplicates from STD 1 to STD 7) and QCs (in 

6-fold at QC-Low, QC-Medium and QC-High) was run. The data obtained fit a linear regression 

weighed 1/c (c=concentration). 

 
Criteria: The accuracy (85-115%) and precision (within 15%) of the STDs and QCs were all 

within acceptable criteria as recommended by the FDA guidelines (FDA, 2014). 

The tables 20 and 21 below shows the accuracy and precision of the STDs and QCs for APAP. 

 
 

Table 20: Calibration standard accuracy and precision of APAP 
 

Sample ID STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 

Nominal 

concentration 

(µg/mL) 

 
200 

 
100 

 
50.0 

 
25.0 

 
12.5 

 
6.25 

 
3.13 

Replicates Observed concentration (µg/mL) 

1 205 97.0 50.3 26.2 13.7 6.42 2.86 

2 198 96.0 50.2 25.8 13.1 6.36 2.71 

Average 202 96.5 50.3 26.0 13.4 6.39 2.79 

STDEV 4.95 0.707 0.0707 0.283 0.424 0.0424 0.106 

% CV 2.5 0.7 0.1 1.1 3.2 0.7 3.8 

% Accuracy 100.8 96.5 100.5 104.0 107.2 103.8 89.0 

STDEV: Standard deviation; %CV: Coefficient of variation- precision 
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Table 21: Quality control accuracy and precision of APAP 
 

Sample ID QCH QCM QCL 

Nominal concentration 

(µg/mL) 
160 80.0 9.00 

Replicates Observed concentration (µg/mL) 

1 154 74.6 8.35 

2 151 72.8 8.48 

3 146 75.6 8.39 

4 154 73.2 8.45 

5 145 75.0 8.37 

6 139 72.3 8.68 

Average 148 73.9 8.45 

STDEV 5.91 1.33 0.121 

% CV 4.0 1.8 1.4 

% Accuracy 92.6 92.4 93.9 

 
The results above show that all the STDs and QCs were within 85-115% accuracy, with 

precision less than 15% at all concentrations. Based on these results, it can therefore be 

concluded that the calibration range of 3.13 µg/mL to 200 µg/mL is valid for the quantitative 

analysis of the analyte. 

 

 
4.2 Results for solubility and stability assessment of INH, PZA, RIF, 

EMB and APAP 

The test samples were evaluated against a valid calibration curve to assess whether there was 

degradation of the analytes when placed in the incubator over 3 days. The test samples at time 

0 were used to test the solubility of the analytes in E3 embryo water and were also used as 

the reference against which degradation of the analytes in the E3 embryo water was 

determined. The analytes APAP, INH, EMB and PZA were shown to be stable in E3 embryo 

water for 3 days. This is indicated by the %difference that was within 15% of the time 0 for all 

four analytes. However, RIF was shown to solubilize over time in E3 embryo water and was 

also deemed unstable at 28°C. Table 22-23 below shows the accuracy and precision of the 

STDs and QCs and also the % Difference between the reference test samples (time 0) and 

the test samples at the different time points. The QCs were analysed in duplicate and this was 

deemed valid for a pre-clinical experiment. 
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Table 22: Calibration standard accuracy and precision of INH from a re-instatement validation 

experiment 
 

Sample ID STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 

Nominal 

concentration 

(µg/mL) 

 
10.0 

 
5.00 

 
2.50 

 
1.25 

 
0.625 

 
0.313 

 
0.156 

Replicates Observed concentration (µg/mL) 

1 9.77 4.79 2.33 1.29 0.606 0.296 0.145 

2 9.73 [6.06]* 2.40 1.23 0.600 0.290 0.142 

Average 9.75 4.79 2.37 1.26 0.603 0.293 0.144 

STDEV 0.0283 n/a 0.0495 0.0424 0.00424 0.00424 0.00212 

% CV 0.3 n/a 2.1 3.4 0.7 1.5 1.5 

% Accuracy 97.5 95.8 94.6 101 96.5 93.6 92.0 

*Denotes on-bench error, excluded from statistics 

 
 

Table 23: Quality control accuracy and precision of INH from a re-instatement validation 

experiment 
 

Sample ID QCH QCM QCL 

Nominal concentration 

(µg/mL) 

 
8.00 

 
4.00 

 
0.400 

Replicates Observed concentration (µg/mL) 

1 7.65 3.89 0.377 

2 7.76 3.93 0.382 

Average 7.71 3.91 0.380 

STDEV 0.0778 0.0283 0.00354 

% CV 1.0 0.7 0.9 

% Accuracy 96.3 97.8 94.9 

 
The results in tables 22 and 23 above show that with the exception of STD 2, all the accuracy 

of all the STDs and QCs for INH were within 85-115%, with precision less than 15%. The error 

in the concentration of one of the STD 2 is based on on-bench error and the STD 2 was 

excluded when calculating averages. On-bench error refers to mistakenly spiking the working 
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stock solution to prepare the standard. The standard will have a different concentration from 

the concentration that the standard was supposed to be at. This occurs while the analyst is 

still preparing the samples prior to injection. The criteria for a batch to pass is that 75% of the 

STDs must pass. Therefore, the 92.9% of STDs that had passed in the batch indicate that the 

batch passed. Based on these results, it can therefore be concluded that the calibration range 

of 0.156 µg/mL to 10.0 µg/mL is valid for the quantitative analysis of INH. 

 

Table 24: Solubility and stability assessment of INH at 28°C at 0, 18, 24, 48 and 72 hours 
 

Time (hours) 0 18 24 48 72 

Nominal 

concentration 

(µg/mL) 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

Replicates Observed concentration (µg/mL) 

1 7.61 0.484 7.40 0.483 7.06 0.443 7.83 0.431 7.61 0.438 

2 7.91 0.483 [4.92]* 0.490 7.40 0.440 7.00 0.421 7.68 0.437 

3 7.82 0.445 7.38 0.455 7.10 0.419 7.85 0.418 7.47 0.436 

Average 7.72 0.417 7.39 0.426 7.19 0.434 7.56 0.423 7.59 0.437 

STDEV 0.105 0.00222 0.0141 0.0185 0.186 0.0131 0.485 0.00681 0.107 0.00100 

%CV 1.4 4.7 0.2 3.9 2.6 3.0 6.4 1.6 1.4 0.2 

% Difference -3.5 4.3 -14.9 1.1 -6.9 -7.8 -10.7 -10.1 -14.6 -13.5 

*Denotes on-bench error 
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Figure 32: Solubility and stability assessment of INH in E3 embryo water at 28˚C over 3 

days. Test samples were prepared at relatively high (A) and relatively low (B) QC 

concentrations. Error bars represent ±SD of n = 3 

INH test samples were prepared in E3 embryo water at concentrations of QCL and QCH using 

a 1 mg/mL INH stock solution and were used to test INH solubility in E3 embryo water and 

stability at 28°C. Sampling was done after every 24 hours and samples were placed at -80°C 

until analysis. The results in table 24 and figure 32 above shows that the %difference of the 

INH test samples at time 18, 24, 48 and 72 hours and the test samples at time 0 hours was 

below 15%, suggesting that INH was soluble in E3 embryo water and stable at 28°C for 3 days. 
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Table 25: Calibration standard accuracy and precision of PZA from a re-instatement validation 

experiment 
 

Sample ID STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 

Nominal 
concentration 

(µg/mL) 

 
10.0 

 
5.00 

 
2.50 

 
1.25 

 
0.625 

 
0.313 

 
0.156 

Replicates Observed concentration (µg/mL) 

1 10.0 5.15 2.37 1.30 0.618 0.324 0.159 

2 9.96 5.12 2.33 1.23 0.639 0.320 0.149 

Average 9.98 5.14 2.35 1.27 0.629 0.322 0.154 

STDEV 0.0283 0.0212 0.0283 0.0495 0.0148 0.00283 0.00707 

% CV 0.3 0.4 1.2 3.9 2.4 0.9 4.6 

% Accuracy 99.8 102.8 94.0 101.6 100.6 102.9 98.7 

 
 

 
Table 26: Quality control accuracy and precision of PZA from a re-instatement validation 

experiment 
 

Sample ID QCH QCM QCL 

Nominal concentration 
(µg/mL) 

 

8.00 
 

4.00 
 

0.400 

Replicates Observed concentration (µg/mL) 

1 8.14 4.33 0.431 

2 8.31 4.40 0.408 

Average 8.23 4.37 0.418 

STDEV 0.120 0.0495 0.0233 

% CV 1.5 1.1 3.9 

% Accuracy 102.9 109.3 104.5 

 
As shown in the tables 25 and 26 above, the STDs and QCs for PZA had an accuracy that was 

between 85 -115% and a precision of less than 15% at all concentrations. Based on these 

results, it can therefore be concluded that the calibration range of 0.156 µg/mL to 10.0 µg/mL 

is valid for the quantitative analysis of PZA. 
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Table 27: Solubility and stability assessment of PZA at 28°C at 0, 18, 24, 48 and 72 hours 
 

Time (hours) 0 18 24 48 72 

Nominal concentration 

(µg/mL) 
8.00 0.400 8.00 0.400 8.00 0.400 8.00 0.400 8.00 0.400 

Replicates Observed concentration (µg/mL) 

1 7.13 0.421 7.17 0.448 7.19 0.446 7.14 0.431 7.14 0.445 

2 7.16 0.460 7.17 0.449 7.11 0.447 7.11 0.415 7.16 0.454 

3 7.15 0.460 7.17 0.447 7.18 0.446 7.14 0.442 7.18 0.415 

Average 7.15 0.447 7.17 0.448 7.16 0.446 7.13 0.429 7.16 0.438 

STDEV 0.0153 0.0225 0.000 0.0100 0.0436 0.0577 0.0173 0.0136 0.0200 0.0204 

%CV 0.2 5.0 0.0 0.2 0.6 0.1 0.2 3.2 0.3 4.7 
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Figure 33: Solubility and stability assessment of PZA in E3 embryo water at 28˚C over 3 days. 

Test samples were prepared at relatively high (A) and relatively low (B) QC concentrations. 

Error bars represent ±SD of n = 3 
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The test samples for PZA were prepared in E3 embryo water at QCL and QCH concentrations 

using a 1 mg/mL PZA reference stock solution and were used to test the solubility of PZA in 

E3 embryo water and stability at 28°C. After every 24 hours, a reasonable volume of the 

samples was sampled into a microcentrifuge tube and was stored at -80°C until analysis. The 

results in table 27 and figure 33 above shows that the %difference of the test samples at time 

18, 24, 48 and 72 hours and the test samples at time 0 hours was below 15%, suggesting that 

INH was soluble in E3 embryo water and stable at 28°C for 3 days. 

 
 

 
Table 28: Calibration standard accuracy and precision of RIF from a re-instatement validation 

experiment 
 

Sample ID STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 

Nominal 
concentration 

(µg/mL) 

 
10.0 

 
5.00 

 
2.50 

 
1.25 

 
0.625 

 
0.313 

 
0.156 

Replicates Observed concentration (µg/mL) 

1 9.97 5.16 2.47 1.24 0.633 0.331 0.150 

2 9.97 5.05 2.36 1.24 0.639 0.331 0.146 

Average 9.97 5.11 2.42 1.24 0.636 0.331 0.148 

STDEV 0.00 0.0778 0.0778 0.00 0.00 0.00 0.00283 

% CV 0.0 1.5 3.2 0.0 0.7 0.0 1.9 

% Accuracy 99.7 102.2 96.8 99.2 101.8 105.8 94.9 
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Table 29: Quality control accuracy and precision of RIF from a re-instatement validation 

experiment 
 

Sample ID QCH QCM QCL 

Nominal concentration 
(µg/mL) 

8.00 4.00 0.400 

Replicates Observed concentration (µg/mL) 

1 8.40 4.16 0.360 

2 8.40 4.47 0.371 

Average 8.40 4.32 0.366 

STDEV 0.00 0.219 0.00778 

% CV 0.0 5.1 2.1 

% Accuracy 105.0 108.0 91.5 

 
Tables 28 and 29 above show that all the STDs and QCs for RIF were within 85-115% 

accuracy, with precision of less than 15%. Based on these results, it can therefore be 

concluded that the calibration range of 0.156 µg/mL to 10.0 µg/mL is valid for the semi- 

quantitative analysis of RIF. 

 

Table 30: Solubility and stability assessment of RIF without ascorbic acid in E3 at 28°C at 0, 

18, 24, 48 and 72 hours 

 

Time (hours) 0 18 24 48 72 

Nominal 
concentration 

(µg/mL) 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

 
8.00 

 
0.400 

Replicates Observed concentration (µg/mL) 

1 7.55 0.113 5.88 0.000 3.89 0.00400 1.33 0.000 0.000 0.000 

2 7.85 0.0910 5.32 0.0290 3.42 0.00200 1.63 0.000 0.603 0.000 

Average 7.70 0.102 5.60 0.0145 3.66 0.000 1.48 0.000 0.302 0.000 

STDEV 0.212 0.0156 0.396 0.0205 0.332 0.00141 0.212 0.000 0.325 0.0212 

%CV 2.8 15.3 7.1 141 9.1 47.1 14.3 0.0 141 13.7 

% Difference -0.4 -7.5 -27.3 -85.8 -52.5 -97.1 -80.8 -100.0 -96.1 -84.8 

 
% Solubility 

 
96.3 

 
25.5 

 
70.0 

 
3.6 

 
45.8 

 
0.0 

 
18.5 

 
0.0 

 
3.8 

 
3.9 
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Figure 34: Solubility and stability assessment of RIF in E3 embryo water at 28˚C over 3 

days. Test samples were prepared at relatively high (A) and relatively low (B) QC 

concentrations. Error bars represent ±SD of n = 2 

 

 
RIF test samples were prepared in E3 embryo water at QCL and QCH concentrations using a 

1 mg/mL RIF stock solution in methanol with ascorbic acid and were placed in the laboratory 

incubator set at 28˚C. The samples were used to test the solubility of RIF in E3 embryo water 

and stability at 28°C. Sampling was performed after every 24 hours for 3 days and samples 

were stored at -80°C until analysis. The results in table 30 and figure 34 above shows that the 

even in the presence of ascorbic acid, RIF was poorly soluble in E3 medium. Furthermore, RIF 

concentrations declined over 3 days at 28°C. 
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Table 31: Solubility and stability assessment of RIF with 20 µg/mL ascorbic acid at 28°C at 0, 

18, 24, 48 and 72 hours 
 

Time (hours) 0 18 24 48 72 

Nominal 
concentration 

(µg/mL) 

 

8.00 

 

0.400 

 

8.00 

 

0.400 

 

8.00 

 

0.400 

 

8.00 

 

0.400 

 

8.00 

 

0.400 

 

Replicates 
 

Observed concentration (µg/mL) 

 
1 

 
6.21 

 
0.086 

 
4.35 

 
0.0550 

 
4.06 

 
0.0470 

 
3.03 

 
0.0480 

 
1.95 

 
0.0310 

 
2 

 
6.01 

 
0.082 

 
4.39 

 
0.0580 

 
4.05 

 
0.0370 

 
2.98 

 
0.0280 

 
1.93 

 
0.0310 

 
3 

 
6.06 

 
0.0790 

 
4.28 

 
0.0560 

 
3.93 

 
0.0380 

 
2.99 

 
0.0410 

 
1.90 

 
0.0310 

 
Average 

 
6.09 

 
0.084 

 
4.34 

 
0.0560 

 
4.01 

 
0.0407 

 
3.00 

 
0.0390 

 
1.93 

 
0.0310 

STDEV 0.104 0.00351 0.0557 0.00153 0.0723 0.00551 0.0265 0.0101 0.0252 0.00 

 
%CV 

 
1.7 

 
4.3 

 
1.3 

 
2.7 

 
1.8 

 
13.5 

 
0.9 

 
26.0 

 
1.3 

 
0.0 

 
% Difference 

 
-23.9 

 
-79.0 

 
-28.8 

 
-31.6 

 
-34.1 

 
-50.6 

 
-50.8 

 
-52.6 

 
-68.4 

 
-62.3 

 
% Solubility 

 
76.2 

 
21.0 

 
54.3 

 
14.0 

 
50.1 

 
10.2 

 
37.5 

 
9.8 

 
24.1 

 
7.8 
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A B 
 

 

Stability assessment of RIF (High) 

with Asc at 28C over 3 days 

8 

 
 

 
0.15 

Stability assessment of RIF (Low) 

with Asc at 28C over 3 days 
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Figure 35: Solubility and stability assessment of RIF in E3 embryo water with 20 µg/mL 

ascorbic acid at 28˚C over 3 days. Test samples were prepared at relatively high (A) and 

relatively low (B) concentrations of QC. Error bars represent ±SD of n = 3 

 
 

A 1 mg/mL RIF stock solution in methanol with ascorbic acid was used in the preparation of 

the RIF test samples in E3 embryo water with 20 µg/mL ascorbic acid. The test samples were 

prepared at QCL and QCH concentrations and were stored in the laboratory incubator set at 

28˚C. The samples were used to test the solubility of RIF in E3 embryo water with 20 µg/mL 

ascorbic acid and stability of RIF at 28°C. Sampling was performed after every 24 hours for 3 

days and samples were stored at -80°C until analysis. The results in table 31 and figure 35 

above show that the %difference of the RIF test samples at time 18, 24, 48 and 72 hours and 

the test samples at time 0 hours was still above 15%. This suggests that even in the presence 

of ascorbic acid, RIF was still poorly soluble in E3 medium and degraded over time 

(%difference between -79.0% and -23.9%). 
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Table 32: Calibration standard accuracy and precision of EMB from a re-instatement validation 

experiment 
 

Sample ID STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 

Nominal 
concentration 

(µg/mL) 

 
2.50 

 
1.25 

 
0.625 

 
0.313 

 
0.156 

 
0.0783 

 
0.0390 

Replicates Observed concentration (µg/mL) 

1 2.40 1.23 0.615 0.329 0.164 0.0764 0.0382 

2 2.62 1.26 0.595 0.325 0.165 0.0772 0.0373 

Average 2.51 1.24 0.605 0.327 0.164 0.0768 0.0377 

STDEV 0.157 0.0236 0.0146 0.00265 0.000990 0.000530 0.000600 

% CV 6.3 1.9 2.4 0.8 0.6 0.7 1.6 

 
% Accuracy 

 
100.4 

 
99.5 

 
96.8 

 
104.5 

 
105.1 

 
98.1 

 
96.7 

 
 
 

Table 33: Quality control accuracy and precision of EMB re-instatement validation experiment 
 

Sample ID QCH QCM QCL 

Nominal concentration 
(µg/mL) 

 

2.50 
 

1.00 
 

0.100 

Replicates Observed concentration (µg/mL) 

1 2.71 1.17 1.101 

2 2.74 1.13 0.101 

Average 2.73 1.15 0.101 

STDEV 0.0153 0.0246 0.000280 

% CV 0.6 2.1 0.3 

% Accuracy 109.0 115.0 101.0 

 
 
 

The STDs and QCs for EMB had an 85-115% accuracy, with a precision that was within 15% 

for all concentrations as shown in the tables 32 and 33 above. The concentration of QCH is 

2.5 µg/mL because it was accidentally prepared at the concentration of STD 1 (2.5 µg/mL) as 

shown in table 11 of section 3.4.6. The results therefore prove that the calibration range of 

0.156 µg/mL to 10.0 µg/mL is valid for quantitative analysis of EMB. 
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Table 34: Solubility and stability assessment of EMB at 28°C at 0, 18, 24, 48 and 72 hours 
 

 

Time (hours) 
 

0 
 

18 
 

24 
 

48 
 

72 

Nominal 
concentration 

(µg/mL) 

 

2.00 

 

0.100 

 

2.00 

 

0.100 

 

2.00 

 

0.100 

 

2.00 

 

0.100 

 

2.00 

 

0.100 

Replicates Observed concentration (µg/mL) 

 
1 

 
2.21 

 
0.105 

 
2.20 

 
0.110 

 
2.14 

 
0.110 

 
2.17 

 
0.108 

 
2.11 

 
0.109 

 
2 

 

2.17 
 

0.110 
 

2.23 
 

0.110 
 

2.11 
 

0.111 
 

2.18 
 

0.111 
 

2.10 
 

0.108 

 

Average 
 

2.19 
 

0.107 
 

2.21 
 

0.111 
 

2.13 
 

0.110 
 

2.18 
 

0.109 
 

2.11 
 

0.108 

 

STDEV 
 

0.0300 
 

0.00343 
 

0.0128 
 

0.000424 
 

0.0212 
 

0.00110 
 

0.00721 
 

0.00166 
 

0.00707 
 

0.000141 

 
%CV 

 

1.4 
 

3.2 
 

0.6 
 

0.4 
 

1.0 
 

1.0 
 

0.3 
 

1.5 
 

0.3 
 

0.1 

 
% Difference 

 
9.5 

 
7.5 

 
1.1 

 
2.3 

 
-3.0 

 
2.8 

 
-0.7 

 
1.9 

 
-3.9 

 
0.9 

 
A B 

 

Solubility and stability assessment 

of EMB (High) at 28C over 3 days 
Solubility and stability assessment 

of EMB (Low) at 28C over 3 days 

 

2.5 

 
2.0 

 
1.5 

 

0.15 

 
 

0.10 

 

1.0 

 
0.5 

 
0.0 
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Time (hours) 

 
0.05 

 
 

0.00 

 
 
 
 
 
 

0 18 24  48  72 
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Figure 36: Solubility and stability assessment of EMB in E3 embryo water at 28˚C over 3 days. Test 

samples were prepared at relatively high (A) and relatively low (B) QC concentrations. Error bars 

represent ±SD of n = 2 
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EMB test samples were prepared in E3 embryo water at high and low QC using an EMB stock 

solution of 2 mg/mL in water. Samples were stored at 28°C and sampling was performed after 

every 24 hours. After sampling, the samples were stored at -80°C until analysis. The results in 

table 34 and figure 36 above shows that the %difference of the EMB test samples at time 18, 

24, 48 and 72 hours and the test samples at time 0 hours was below 15%, suggesting that EMB 

was soluble in E3 embryo water and stable at 28°C for 3 days. 

 
 
 

4.3 APAP stability assessment 

The test samples of the APAP were run against the STDs ad QCs that were used for validating 

the HPLC method for APAP. 

 
Table 35: Calibration standard accuracy and precision of APAP from a re-instatement 

validation experiment 
 

Sample ID STD 1 STD 2 STD 3 STD 4 STD 5 STD 6 STD 7 

Nominal 

concentration 

(µg/mL) 

 

200 

 

100 

 

50.0 

 

25.0 

 

12.5 

 

6.25 

 

3.13 

Replicates Observed concentration (µg/mL) 

1 205 96.4 50.6 26.1 13.8 6.48 2.73 

2 198 95.1 49.1 26.4 13.3 6.40 2.68 

Average 201 95.8 49.9 26.3 13.6 6.44 2.71 

STDEV 4.95 0.919 1.06 0.212 0.354 0.0566 0.0354 

% CV 2.5 1.0 2.1 0.8 2.6 0.9 1.3 

% Accuracy 100.5 95.8 99.7 105.2 108.8 103.0 86.4 
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Table 36: Quality control accuracy and precision of APAP in a re-instatement validation 

experiment 
 

Sample ID QCH QCM QCL 

Nominal concentration 

(µg/mL) 

 
160 

 
80.0 

 
9.00 

Replicates Observed concentration (µg/mL) 

1 151 74.5 8.04 

2 158 76.9 7.96 

Average 155 75.7 8.00 

STDEV 4.95 1.70 0.0566 

% CV 3.2 2.2 0.7 

% Accuracy 96.6 94.6 88.9 

 
The STDs and QCs for APAP had an accuracy between 85-115% and a precision that was 

less than 15% at all concentrations as shown in the tables 35 and 36 above. The results 

therefore prove that the calibration range of 0.156 µg/mL to 10.0 µg/mL is valid for the semi- 

quantitative analysis of APAP. 

 
Table 37: Solubility and stability assessment of APAP at 28°C at 0, 18, 24, 48 and 72 hours 

 

Time (hours) 0 18 24 48 72 

Nominal 

concentration 

(µg/mL) 

 
160 

 
9.00 

 
160 

 
9.00 

 
160 

 
9.00 

 
160 

 
9.00 

 
160 

 
9.00 

Replicates Observed concentration (µg/mL) 

1 161 8.62 160 8.58 160 8.53 160 8.55 160 8.64 

2 160 8.59 160 8.52 160 8.55 161 8.55 160 8.60 

3 160 8.89 161 8.56 160 8.58 160 8.50 160 8.58 

Average 160 8.70 160 8.55 160 8.55 160 8.53 160 8.61 

STDEV 0.577 0.165 0.577 0.0306 0.000 0.0252 0.577 0.0289 0.000 0.0306 

%CV 0.4 1.9 0.4 0.4 0.0 0.3 0.4 0.3 0.0 0.4 

% Difference 0.0 -3.3 0 -1.7 0 -1.7 0 -2.0 0 -1.0 
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A B 
 

Solubility and stability assessment 

of APAP (High) at 28C over 3 days 

Solubility and stability assessment 

of APAP (Low) at 28C over 3 days 

 

200 

 

150 

 

100 

 

50 

 

0 

 

 
0  18 24 48 72 

 
Time (hours) 

 
10 

 
8 

 
6 

 
4 

 
2 

 
0 

0 18 24  48  72 
 

Time (hours) 

 

 

Figure 37: Solubility and stability assessment of APAP in E3 embryo water at 28˚C over 3 

days. Test samples were prepared at relatively high (A) and relatively low (B) QC 

concentrations. Error bars represent ±SD of n = 3 

 

APAP test samples were prepared in E3 embryo water using a 1 mg/mL APAP stock solution 

in E3 embryo water at high and low QC concentration. After preparation, the test samples were 

placed in the laboratory incubator at 28°C for 72 hours. Sampling was done after every 24 

hours and samples were placed at -80ºC until analysis. Table 37 and figure 37 above show that 

the %difference between the concentration of APAP at time 0 and time 18, 24, 48 and 72 hours 

is below 15%. This suggests 3-day stability of APAP at 28ºC in E3 embryo water. 

 
 
 

4.4 Dose range finding experimental results 

Dose range finding experiments were performed on zebrafish larvae at 48 hpf (for INH, PZA, 

RIF and EMB) and 72 hpf (for NAC) in order to determine the safe dose for NAC and to 

determine the dose that results in liver damage for APAP, INH, RIF and EMB. Moreover, for 

APAP, INH, RIF and EMB, Oil red O liver stains were used as the endpoint whereas EthoVision 

movement tracking software was used as an endpoint for NAC. Figures 38-49 below represent 

the results obtained from these experiments. 
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4.4.1 INH 
 
 

E3 4% Ethanol 20 mM 12 mM 16 mM 8 mM 4 mM 1 mM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

  

 

 

 

    

 
Figure 38: Zebrafish larvae treated with 2% Ethanol (n=4) and INH at 1 mM (n=4), 4 mM (n=4), 8 mM (n=3, 12 mM (n=2), 16 mM (n=2) and 20 

mM (n=3). The negative control group only contained E3 embryo water (n=3). Number of larvae shown represent the total number of larvae that 

were left in each group after staining procedure. Blue, red, green and black arrows indicate yolk sac edema, ORO positive staining of internal 

organs, s-shaped larvae and ORO positive liver stains, respectively 
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Figure 39: Percentage of zebrafish larvae with Oil red O positive stained livers. Zebrafish 

larvae at 2 dpf were treated with INH at 1 mM, 4 mM, 8 mM, 12 mM, 16 mM and 20 mM 

concentration for 3 days. Zebrafish larvae were fixed overnight and stained with 0.5% Oil red 

O. All treatment groups had Oil red O lipid stains in the liver (P < 0.05) 

 

 
Figure 38 above shows that all the larvae in all treatment groups had Oil red O liver stains. 

Moreover, larvae treated with doses of 8 mM, 12 mM, 16 mM and 20 mM had severe yolk sac 

oedema and Oil red O lipid stains in the gut, indicating lethal levels of INH. Zebrafish larvae 

treated with 4 mM and 1 mM INH showed Oil red O positive lipid stains in the liver area and 

no signs of oedema. The 1 mM dose of INH resulted in most damage. 
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4.4.2 PZA 
 

E3 2% Ethanol 8 mM 7 mM 5 mM 4 mM 2 mM 1 mM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 40: Zebrafish larvae treated with 2% Ethanol (n=6) and PZA at 1 mM (n=6), 2 mM (n=6), 4 mM (n=6), 5 mM (n=6), 7 mM (n=6) and 8 

mM (n=6). The negative control group only contained E3 embryo water (n=6). Number of larvae shown is not a representative of the total 

number of larvae that was in each group after staining. Black arrows indicate Oil red O positive staining of livers 
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Figure 41: Percentage of zebrafish larvae with Oil red O positive staining livers. Zebrafish 

larvae at 2 dpf were treated for 3 days with PZA at concentrations of 1 mM, 2 mM, 4 mM, 5 

mM, 7 mM and 8 mM. Zebrafish larvae were fixed overnight and then stained with 0.5% Oil 

red O. The 7 mM treatment group showed more larvae with the Oil red O positive staining 

livers compared to other groups (P > 0.05) 

 

The 7 mM dose of PZA showed more larvae with Oil red O positive lipid droplets compared to 

other groups (P > 0.05) as shown in figure 40 and 41 above, suggesting that 7 mM PZA was 

the dose that produced the most liver damage in zebrafish larvae. This dose was then chosen 

as the PZA dose causing DILI to use in the study. 
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4.4.3 RIF 
 

E3 2% Ethanol 12 µM 10 µM 8 µM 6 µM 4 µM 2 µM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42: Zebrafish larvae treated with 2% Ethanol (n=8) and RIF at 2 µM (n=7), 4 µM (n=5), 6 µM (n=5), 8 µM (n=7), 10 µM (n=6) and 12 µM 

(n=9). The negative control group only contained E3 embryo water (n=10). Number of larvae shown does not represent the total number of 

larvae that was in each group after the staining procedure. Oil red O postive staining of livers is indicated by black arrows 
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Figure 43: Percentage of zebrafish larvae with Oil red O positive staining livers. Zebrafish 

larvae at 2 dpf were treated for 3 days with RIF at 2 µM, 4 µM, 6 µM, 8 µM, 10 µM and 12 

µM concentrations. Zebrafish larvae were fixed overnight and then stained with 0.5% Oil red 

O. The 10 µM treatment group showed more larvae with the Oil red O lipid stains compared 

to other groups (P > 0.05). 

 
 

 
Figures 42 and 43 above show that more zebrafish larvae in the 10 µM treatment group had 

larvae with the Oil red O positive stained livers compared to the other groups (P > 0.05). Hence, 

the 10 µM dose of RIF was chosen as the dose that induced most damage in zebrafish larval 

livers and was used for further experiments in the study. 
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4.4.4 EMB 
 

E3 2% Ethanol 2 mM 1.6 mM 1.2 mM 0.8 mM 0.4 mM 0.2 mM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 44: Zebrafish larvae treated with 2% Ethanol (n=9) and EMB at 0.2 mM (n=10), 0.4 mM (n=9), 0.8 mM (n=8), 1.2 mM (n=10), 1.6 mM 

(n=8) and 2 mM (n=7). Negative control group only contained E3 embryo water (n=8). Number of larvae shown is not a representative of the 

total number of larvae that was in each group after staining with Oil red.  Black arrows indicate Oil red O positive staining of larval livers 
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Figure 45: Percentage of zebrafish larvae with Oil red O positive stained livers. Zebrafish 

larvae at 2 dpf were treated for 3 days with EMB at concentrations of 0.2 mM, 0.4 mM, 0.8 

mM, 1.2 mM, 1.6 mM and 2 mM. Zebrafish larvae were fixed overnight and then stained with 

0.5% Oil red O. The 1.2 mM treatment group showed more larvae with the Oil red O lipid 

stains compared to other groups (P < 0.05). 

 
 

As depicted in figures 44 and 45 above, the 1.2 mM EMB treatment group showed more 

zebrafish larvae with the positive ORO stained livers as compared to other groups. Hence, the 

1.2 mM dose of EMB was chosen as the dose that had brought about most of the liver damage 

in larval zebrafish for use in the study. 

100 
n=9   n=8 n=10 n=9   n=8   n=10 n=8   n=7 

90 

None 

Steatosis 

80 
 

70 
 

60 
 

50 
 

40 
 

30 
 

20 
 

10 
 

0 

Treatment groups 

%
 o

f 
la

rv
a

e
 

Stellenbosch University https://scholar.sun.ac.za



75  

 

4.4.5 APAP 
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Figure 46: Zebrafish larvae treated with 2% Ethanol (n=7) and APAP at 0.1 mM (n=7), 0.2 mM (n=7), 0.3 mM (n=7), 0.4 mM (n=7), 0.5 mM 

(n=7), 0.6 mM (n=7), 0.7 mM (n=7), 0.8 mM (n=7), 0.9 mM (n=7) and 1 mM (n=7). The negative control group only contained E3 embryo water 

(n=7). Number of larvae shown is not representative of the total number of larvae that was in each group after staining with 0.5% Oil red O. Oil 

red O positive staining of zebrafish larval livers is indicated by black arrows 
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Figure 47: Percentage of zebrafish larvae with Oil red O positive staining livers. Zebrafish 

larvae at 2 dpf were treated for 3 days with APAP at concentrations of 0.1 mM, 0.2 mM, 0.3 

mM, 0.4 mM, 0.5 mM, 0.6 mM 0.7 mM, 0.8 mM, 0.9 mM and 1 mM. Zebrafish larvae were 

fixed overnight and then stained with 0.5% Oil red O. The 0.5 mM treatment group showed 

more larvae with the Oil red O positive staining livers compared to other groups (P > 0.05) 

APAP dose of 0.5 mM showed more larvae with Oil red O lipid droplets in the liver compared 

to other treatment groups (P > 0.05), as shown in figures 46 and 47 above. This dose was then 

used selected for use in further experiments. 

 

4.4.6 NAC dose response 

Zebrafish larvae at 3 dpf were treated with six different concentrations of NAC for 24 hours as 

part of a dose range finding experiment. The negative control group had only fish water in each 

well of a 96-well plate and the positive control group had 0.02 mg/mL 3,4-Dichloroalanine. After 

the 24 hour incubation period at 28˚C, zebrafish larvae were taken for tracking of movement 

in response to treatment on the EthoVision software. The results showed that when the fish 

were dosed with 16 µM, their movement decreased, suggesting oxidative damage to the fish 

and therefore toxicity of NAC to the larva at this concentration. In contrast, a concentration of 

12 µM appeared to be the safe dosage with an increase in movement with the higher NAC 

concentration. Therefore, concentrations of 2 µM, 4 µM and 8 µM of NAC were to be used for 

further experiments in the study. Figure 48 below shows the average distance moved by each 

group of larvae at the different concentrations at different time points for 10 min at 24 hpe. 
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Figure 48: Average distance moved over 10 min by zebrafish larvae dosed with different 

concentrations of NAC, as tracked by the EthoVision. Each error bar represents ±SEM of n = 

11 zebrafish larvae for each concentration 
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Figure 49: Average distance moved by zebrafish larvae treated with various concentrations 

of NAC. Error bars represents ±SEM of n = 11 zebrafish larvae for each concentration. The 

standard error of the mean (SEM) here was used because it measures variability across all 

the groups. In contrast to SEM, standard deviation (SD) measures variability across one 

group or one sample. Statistics: repeated measures ANOVA (analysis of variance) showed 

main effect of treatment dose, (P < 0.001). Tukey post hoc: n = 11;***P < 0.001 
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NAC at various concentrations was given to zebrafish larvae at 3 dpf over 24 hours. After 24 

hours, the movement of each larvae at each concentration group was tracked for 20 minutes. 

Only results from the last 10 minutes were used for analysis as this is the time that the zebrafish 

larval movement was shown to be at baseline. The data in figure 48 and figure 49 above shows 

that the 12 µM and 16 µM groups experienced irritation and toxicity, respectively. The 20 µM 

dose resulted in the development of seizures and fatigue in zebrafish larvae. Zebrafish larvae 

at this concentration start to die off and this is shown by the erratic movement of zebrafish 

larvae as shown in the figure 48 above. However, the 8 µM group was shown to be consistent 

with the negative control. Therefore, 8 µM NAC was selected as the safe dose. 
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Chapter 5 

Discussion 
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5.1 Zebrafish larval model for TB-DILI 
 

TB is ranked as the second most deadly infectious disease worldwide. Despite the availability 

of drug regimens that are used to treat the disease, a wide range of adverse drug reactions 

occur due to these treatments. The most common and most serious adverse effect is DILI. DILI 

usually occurs in the intensive phase of treatment and is mostly due to INH, RIF and PZA 

(Ambreen et al., 2014). INH is metabolized and cleared in the liver. INH hepatotoxicity is linked 

to the accumulation of INH and its toxic acetyl hydrazine metabolite due to slow acetylation 

(Bouz and Hasawi, 2019). RIF undergoes hepatic metabolism to non-toxic agents. However, 

RIF has the potential to induce CYP450 enzymes, thereby exacerbating the toxic effects of 

some drugs (Bouz and Hasawi, 2019). When used in combination with INH during 

antituberculosis therapy, RIF increases INH toxicity by inducing the production of acetyl 

hydrazine from the hydrolysis of INH by slow acetylators (Bouz and Hasawi, 2019). PZA 

undergoes hepatic metabolism and the metabolites are excreted through the kidneys. The 

hepatotoxicity of PZA follows a dose-dependent pattern (Bouz and Hasawi, 2019). No data has 

been reported on the hepatotoxicity potential of EMB. Some authors reported PZA as the most 

hepatotoxic drug when used in combination with RIF, INH and EMB (Schechter et al., 2006; 

Yew and Leung, 2006) while others reported that DILI from antituberculosis treatment was due 

to INH when used in combination with PZA and RIF (Lei et al., 2021). 

 
Since TB medication has been shown to be associated with the development of DILI, it is 

important that during antituberculosis chemotherapy, therapeutic drug monitoring should be 

performed, especially during the initiation of therapy. Discontinuation of treatment serves as 

the best option to immediately manage antituberculosis drug induced liver injury, but as soon 

as liver biochemistry normalizes, therapy is re-initiated due to the efficacy of first line 

antituberculosis therapy (Saha et al., 2016). In addition to elevated liver enzymes as one of the 

symptoms of DILI, DILI can lead to severe liver injury leading to the patient requiring a liver 

transplant, or even death (Devarbhavi, 2011). A few studies in humans (Schechter et al., 2006; 

Moosa et al., 2021) and animal models (Saito et al., 2010; Attri et al., 2000; North et al, 2012) 

have confirmed the usefulness of NAC in managing DILI. Characterized by its mucolytic 

property, NAC act as an L-cysteine and glutathione precursor that scavenges free radicals. 

Free radicals cause oxidative stress that potentially causes the depletion of intracellular 

glutathione. Therefore, as an antioxidant, NAC works by replenishing intracellular glutathione 

such as in hepatocytes (Santus et al., 2014). However, this beneficial effect of NAC still needs 

to be investigated through more studies. Therefore, new models are needed for predicting DILI 

in humans. Moreover, markers of DILI and mediators that would protect against liver injury as 

a result of first-line TB medication need to be identified. 
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Zebrafish larvae have been used for screening and studying the mechanism of action of 

hepatotoxic compounds in vivo. Both the mammalian liver and the zebrafish liver are similar in 

structure and perform the same function. Zebrafish liver morphogenesis completes as early as 

2 dpf and the liver is fully functional at 3 dpf with metabolism occurring and driven by the 

CYP450 enzymes, especially the CYP3A4 and CYP2D6 enzymes (He et al., 2013). The 

CYP2E1 enzymes in zebrafish larvae are associated with the hepatotoxicity of acetaminophen. 

Therefore, the larval zebrafish can be used to study hepatotoxicants such as APAP and TB 

drugs in vivo by screening the compounds using multi-well plates 

 
Hepatotoxicity is defined as injury to the liver or impairment to the function of the liver as a 

result of exposure to hepatotoxicants such as medicines, chemicals, or herbal or dietary 

supplements. These agents cause liver injury via different mechanisms that produce a variety 

of toxic phenotypes of the liver. The most common include necrosis, steatosis and cholestasis. 

As the largest organ in the body, the liver is involved in the processing of macronutrients and 

in the detoxification and biliary excretion of xenobiotics and endobiotics. Even though the tissue 

of the zebrafish liver differs in nature with regards to its cellular and extracellular compartments 

from the mammalian liver, it contains all the same cell types as the mammalian liver (So et al., 

2020). Of the four types of liver cells, the hepatocytes make up 70- 80% of the mass of the liver 

and contain organelles like the mitochondria that play a role in the metabolism and excretion of 

substances. This therefore makes the liver more susceptible to inflammation and damage from 

insults. Liver injury can be reversed by stopping the offending drug until liver enzymes 

normalise. In the case of DILI due to first-line TB medication, INH, RIF and PZA can be stopped 

and be replaced by streptomycin until liver enzymes normalise. However, in the case of 

irreversible liver damage, hepatocyte cell death can occurin the form of either apoptosis or 

necrosis (Cullen and Stalker, 2016). 

 

5.2 ORO for liver injury quantification 

ORO (figure 50) has emerged as a useful dye for staining of tryglycerides and lipids for over a 

decade. The use of ORO is advantageous over other lipid stains such as Nile red since it is 

cost effective, less toxic and the staining procedure is rapid with a quick response (Liu and 

Chen, 2019). The use of ORO as a qualitative and quantitative measure of lipids does not only 

save money but it also saves resources (Yoganantharajah, 2018). ORO is a fat-soluble dye 

that is highly sensitive and soluble in lipids, lipoproteins and cholesterol esters and stains them 

red. The azo (–N=N–) group of the ORO prevent the stain from undergoing ionization and 

hence facilitate its high lipid solubility (Bumbrah et al., 2019; Bharati et al. 2022). 

 
The current study showed that acetaminophen and the first-line TB drugs cause steatosis, an 

indicator of liver injury, in zebrafish larva stained with ORO at 6 dpf. Steatosis is a type of liver 
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injury in which an abnormal retention of fats/lipids occur within the liver that is cause by an 

increase in fatty acid synthesis or a decrease in the secretion of lipids or inhibition of β- 

oxidation (Driessen et al., 2015). This cost-effective and convenient vertebrate model can 

bridge the gap between mammalian models and cell-based models (He et al., 2013). Moreover, 

the zebrafish larval model for DILI as a result of antitubercular drugs can be further used with 

pharmacokinetic based models to find ways to adjust treatment doses of hepatotoxicants in 

patients suffering from liver injury (Bouz and Al Hasawi, 2018; Lokhande, 2017). 

 

A B 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 50: (A) Chemical structure of ORO (Liu and Chen, 2019); (B) Zebrafish larvae with 

and without steatosis (Dai et al., 2015) 

 
 
 

In this study, a time efficient, economical zebrafish larval model for DILI was successfully 

developed. This study revealed that INH, PZA, RIF and EMB produced hepatotoxicity in 

zebrafish larvae at concentrations of 1 mM, 7 mM, 10 µM and 1.2 mM, respectively. The 

intensity and allocation of the stain in the liver area on the APAP treatment group compared to 

groups treated with TB drugs was used as an endpoint for liver damage. It is difficult to study 

the pathogenesis of DILI and the mechanism of action of the agents that are associated with 

the disease. New models are needed to predict which therapeutic agents are associated with 

DILI and new markers and mediators of DILI need to be identified. 

 
Studies have shown the potential of ethanol in inducing liver disease (Lai et al., 2018; Dai et 

al., 2022; Lin et al., 2017; Liu et al., 2021; Passeri et al., 2009). The mechanism in which 

ethanol induces liver disease lies in the metabolism of ethanol to an acetaldehyde which is 

toxic to hepatocytes. The toxicity of acetaldehyde causes damage to the hepatocyte, inducing 

their release of Danger-Associated Molecular Patterns (DAMPs) which further induce cells of 
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the adaptive and innate immune system to cause more liver damage through inflammation 

(Dunn and Shah, 2016). Ethanol is further oxidised into acetic acid by alcohol dehydrogenase. 

Acetic acid further gets oxidised into CO2 and H2O. The overall metabolism of ethanol in the 

liver produces NADH (nicotinamide adenine dinucleotide (NAD) + hydrogen) and NAD+, which 

induce the synthesis of more fatty acids and decrease the oxidation of fatty acids, respectively. 

Ethanol also induces the CYP450 E2 enzymes in the liver, leading to more oxidation of the 

liver, subsequently leading to more liver damage (Lu et al., 2008). 

 

5.3 Acetaminophen method development and partial validation 

A simple, rapid and specific HPLC method for a quantification of APAP was developed and 

partially validated according to the FDA guidelines. The method yielded excellent 

chromatography as shown in the figure 31 in section 3.4.2. An HPLC method should be simple, 

accurate and robust. When developing an HPLC method for the detection of an analyte, the 

polarity of the compound is important in selecting the mobile phase composition, the column 

as well as the flow rate (Kumar et al., 2013). APAP is a polar molecule and therefore a mobile 

phase of higher aqueous was therefore needed for elution of the analyte at 3.26 min. This was 

also observed in similar studies (Narayanan and Austin, 2016; Koblová; Narayanan and Austin, 

2016). However, others have used a higher organic mobile phase and produced excellent 

chromatographic peaks with good retention (Chandrasekhar and Manikandan, 2020; Kanthale 

et al., 2020). 

Since the method developed was not used to analyze patient samples, a batch of APAP STDs 

and QCs was run to ensure that the method was accurate and precise. All the STDs and QCs 

for APAP had an accuracy between 85-115% and a precision of less than 15%. This therefore 

suggested that the method was fit for quantitative analysis of the APAP samples covering the 

range of 3.13 µg/mL to 200 µg/mL. This range was selected based on the initial concentration 

range of 2 mM to 20 mM APAP that was used in the determination of the dose that would result 

in liver damage for APAP to use in further experiments for the study. 

 
5.4 Solubility and stability assessment of APAP, INH, RIF, PZA and 

EMB 

Since zebrafish can only survive in E3 embryo medium that is made up of specific chemicals 

and reagents that are healthy to the fish, treatments therefore need to be prepared in the same 

solvent as the fish medium. This requires that the drug be soluble in the fish water. Solubility is 

the ability of a solute (e.g drug) to dissolve in a solvent (e.g fish water) to form a homogeneous 

solution. Since the treated larvae were kept for 3 days in the laboratory incubator set at 28˚C 

during the dose response experiments, samples were assessed for stability at 28˚C for 3 days. 

According to our knowledge, no data has been published on the 
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solubility and stability of the test samples under the conditions (28°C). It is important to evaluate 

this to mimic how clinical drug administration would occur. Moreover, other drugs are not water- 

soluble and therefore, in order to make the right conclusions about the experiments, solubility 

and stability assessment of the drugs was carried out on HPLC and LC-MS. APAP, INH, PZA 

and EMB all had accuracy between 85-115% with precision and %differences which were 

within 15%. It can therefore be concluded the APAP, INH, PZA and EMB were soluble in E3 

embryo water and stable when placed in the laboratory incubator set at 28˚C for 3 days. APAP, 

INH, PZA and EMB are polar compounds and the polar portions of their molecules form 

covalent bonds with water (Hojjati and Rohani, 2006). However, the RIF test samples failed to 

meet acceptable criteria when placed in the incubator at 28˚C for three days. Both the %CV 

and the %difference of RIF were outside the 15% threshold. It can therefore be concluded that 

the RIF was poorly soluble in E3 embryo water and degraded over the experimental time. RIF 

is a hydrophobic drug and therefore its solubility in water is a challenge (Ellard and Fourie, 

1999). However, ascorbic acid (also known as Vitamin C) has been shown to improve the 

solubility of RIF in water over time (Phogole, 2022). Ascorbic acid is a water-soluble vitamin 

that is found in fruits and vegetables that act as an antioxidant that is responsible for tissue 

repair and a scavenger for oxidative radicals that are produced by the body (Devaki and 

Raveendran, 2017). Hence it is responsible for preventing RIF from degrading in solution 

(Rajaram et al., 2014), thereby improving the stability and solubility of RIF. A study by Wu et 

al., 2015 showed that a concentration of 20 µg/mL ascorbic acid protects against zebrafish 

larvae hair cell loss induced by neomycin (Wu et al 2015), suggesting good tolerability at this 

concentration in a zebrafish model. Hence 20 µg/mL ascorbic acid in E3 embryo water was 

used to prepare the RIF test samples. However, the addition of 20 µg/mL ascorbic acid did not 

prevent the degradation of RIF. This is indicated by the drastic decrease of RIF concentration 

over time as shown in figure 35 in section 4.2. It is suspected that the temperature of 28°C was 

too high and the ascorbic acid concentration might have been too low to protect against 

degradation. However, 28°C is the optimal temperature for survival of zebrafish larvae and a 

higher concentration of ascorbic acid increases the acidity of the E3 embryo medium, which is 

toxic to zebrafish larvae. 

 

5.5 Dose range finding experiments and previous zebrafish larval doses 
 

To determine the dose (s) that resulted in most damage for each drug, dose-response 

experiments were performed on zebrafish larvae by using a range of concentrations that cover 

the previously reported zebrafish larval doses of each drug (Ali et al., 2012; Dalto et al., 2016; 

North et al., 2010; Zhang et al., 2016; Zhang et al., 2017). It is difficult to translate zebrafish 

larval doses to human doses and vice versa because the administration of drugs in zebrafish 

larvae is by adding of the drugs in the medium. Although the concentration of the drug in the 
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embryo medium is known, it is difficult to get the exact amount of drug taken up by the zebrafish 

larvae (Vliegenthart et al., 2014). As shown in section 4.4, the doses that resulted in liver 

damage for INH, PZA, RIF, EMB and APAP were 1 Mm, 7 mM, 10 µM, 1.2 mM and 0.5 mM. 

These doses were selected because a large number of zebrafish larvae showed an ORO 

positive staining of livers as a sign of steatosis in the respective groups after Oil red O staining. 

The doses that resulted in most damage for INH and PZA were lower than previously reported 

hepatotoxic doses for these drugs. Zhang et al has reported that INH induced hepatotoxicity 

at 16 mM and PZA induced hepatotoxicity at 2.5 mM and 5 mM in zebrafish larvae. However, 

a Tg (L-FABP: EGFP) transgenic zebrafish larvae was used for the study with no use of Oil red 

O as a measure of the degree of liver injury. For the current study, a wild type zebrafish strain 

was used. Similarly, with APAP, the 0.5 mM dose was lower than the reported APAP 

hepatotoxic dose of 10 mM that was reported by North et al in 2010. A Tg (-2.8fabp10: GFP)as3 

zebrafish line was also used in the study, which was different from our study (Wild type stain). 

 
NAC is a known antioxidant that works by replenishing cellular glutathione. However, 

antioxidants such as NAC can also act as pro-oxidants (Rahal et al., 2014). Hence, EthoVision 

is a better method in analysing results for an antioxidant such as NAC because with NAC, a 

trend of irritation and toxicity can be clearly observed. The EthoVision data in section 4.4.1 

show that zebrafish larvae exposed to different doses expressed different distances moved by 

each group at different time points. The results showed that the 12 µM concentration of NAC 

resulted in irritation while the concentration of 16 µM resulted in toxicity. However, the group 

that was treated with 20 µM concentration of NAC was regarded as an outlier as it did not 

correlate with what was expected. The 8 µM concentration of NAC seemed to produce a 

consistent effect and was therefore chosen as the dose for further experiments to evaluate 

protection against liver injury in zebrafish larvae. This is however different to the previously 

reported safe dose (10 mM) for NAC (North at al, 2010). This could be due to the fact that a 

transgenic zebrafish strain (Tg (-2.8fabp10: GFP)as3 ) had been used as well. 

 
Test organisms need to be in a habitat with environmental conditions that are suitable for their 

survival. These include the right temperature and availability of nutrients (Krell and Schmidt, 

2020). Therefore, it is very crucial for one to work as quickly as possible when treating the 

zebrafish larvae. The small size and hence vulnerability of the zebrafish larvae makes it difficult 

to position it for proper visualization and therefore requires time and proper handling. Zebrafish 

are also sensitive to noise and vibrations which makes the zebrafish too stressed to breed. 

Moreover, the water needs to be of good quality and free of any oxygen scavenging 

microorganism or any waste build up in the breeding tank (Zhang, 2017). However, the 8 µM 

dose of NAC can be used in future work to evaluate the potential of NAC in reversing TB-drug 

associated DILI. 

Stellenbosch University https://scholar.sun.ac.za



86  

Chapter 6 

Conclusion, limitations and future work 
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6.1 Conclusion 

The development of drug induced liver injury is not only a challenge to patients, but also to 

physicians and the pharmaceutical industry. Patients on TB medication experience DILI, 

especially in the intensive phase of therapy. The treatment of drug-sensitive TB is a 

combination regimen consisting of INH, PZA, RIF and EMB, and each of these drugs causes 

hepatotoxicity via a different mechanism of action. INH hepatotoxicity is due to the acetyl 

hydrazine metabolite and through slow acetylation. Hepatotoxicity due to PZA is dose 

dependant while RIF has the potential to induce liver enzymes such as the cytochrome P450 

enzymes. RIF also induces INH directly, leading to an increase in the hepatotoxicity potential 

of INH. However, most studies have confirmed that the hepatotoxicity due to the TB medication 

is due to PZA when the drugs are used in combination. Close monitoring of the patients during 

therapy is therefore recommended. 

The current study aimed to develop an in vivo zebrafish larval model for DILI within the Division 

of Clinical Pharmacology and to use the model to investigate whether NAC is able to 

reverse/prevent TB-drug associated DILI. NAC was chosen because it is an effective antidote 

for DILI due to APAP poisoning. The current study showed that 1 mM INH, 7 mM PZA, 10 µM 

RIF and 1.2 mM EMB are associated with DILI as evaluated by ORO positive staining in the 

liver, indicative of steatosis. Due to the high incidence rate of DILI from TB medication, a 

preventative strategy needs to be put in place in order to prevent the DILI from occurring rather 

than to wait until the patient gets sick. This study showed that 8 µM NAC could be a dose that 

can reverse hepatotoxicity as a result of TB medication in zebrafish larvae as shown by the 

figures 48-49 in section 4.4.6. Due to delays during zebrafish breeding and time constraints, 

the aims of the current study could not be achieved. The zebrafish larval model for DILI was 

developed. However, the model still needs refinement for further evaluation in the Division of 

Clinical Pharmacology. However, investigation of the potential intervention of NAC in TB-drug 

associated DILI has now emerged as a potential project for another student. 

 
6.2 Limitations 

The stability issue of RIF serves as a limitation that needs to be overcome when evaluating 

DILI as a result of RIF and experiments need to be conducted over short periods of time. 

Working with zebrafish larvae, like other animal models, comes with some challenges. Some 

of these challenges include perishing of the test organisms due to intolerance to cold for long 

periods. Some zebrafish larvae were lost during the staining procedure due to the dark colour 

of the stain, especially in the INH group. There is a distinct possibility that the lost larvae also 

displayed the positive ORO staining in the livers, indicating liver steatosis. Initially, each group 

of zebrafish larvae had twelve replicates. During the course of treatment (3 days), about 40% 

of the zebrafish larvae had died in each group. After staining, a minimum of 42% and a 
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maximum of 80% of zebrafish larvae had survived in each group. Therefore, the chosen dose 

(s) of the drugs were only based on the total number of zebrafish larvae left after staining. As 

a consequence of difficulties in breeding and handling of vulnerable zebrafish larvae, a large 

number of up to 50% of the zebrafish larvae had died before the completion of the project. This 

posed a great challenge in the completion of the project and therefore, the current study could 

not prove the protective effect of NAC in reversing DILI as a result of TB medication. 

 

6.3 Future work 

The potential protective effect of NAC in TB-drug associated hepatic injury needs to be 

investigated in zebrafish larvae using the well-tolerated dose of 8 µM to evaluate whether NAC 

can protect/ reverse the hepatotoxic effects of each first-line TB drug. Drugs needs to be 

evaluated individually and in combination. Since NAC is used as an antidote for APAP 

poisoning in humans, the risks of introducing it as an intervention in a human clinical trial are 

low. Moreover, this can also prevent using doses of NAC that are associated with adverse 

effects such as anaphylaxis. A paper on a study done at the University of Cape Town was found 

where the efficacy of the 21-hour 3-bag regimen of NAC was tested in TB patients with DILI. 

NAC was able to reduce length of hospital stay but patients experience adverse effects. 

Therefore, in future, perhaps the better tolerated 20-hour 2 bag NAC regimen can be 

investigated in future. 
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