Oral Terbinafine-, Fluconazole-, Ravuconazole-, Oteseconazole-
induced Hepatotoxicity and Acute Kidney Injury in the Treatment
of Onychomycosis: A Pharmacovigilance Study

By

Towsifur Rahman
19146076

A thesis submitted to the School of Pharmacy in partial fulfillment of the requirements for
the degree of
Bachelor of Pharmacy

School of Pharmacy
Brac University
February 2023

© 2023. Brac University
All rights reserved.



Declaration

It is hereby declared that

1. The thesis submitted is my own original work while completing degree at Brac University.

2. The thesis does not contain material previously published or written by a third party, except
where this is appropriately cited through full and accurate referencing.

3. The thesis does not contain material which has been accepted, or submitted, for any other
degree or diploma at a university or other institution.

4. Thave acknowledged all main sources of help.

Student’s Full Name & Signature:

Towsifur Rahman
19146076

il



Approval

The thesis/project titled “Oral Terbinafine-, Fluconazole-, Ravuconazole-, Oteseconazole-
induced Hepatotoxicity and Acute Kidney Injury in the Treatment of Onychomycosis: A
Pharmacovigilance Study” submitted by Towsifur Rahman 19146076 of Spring, 2019 has
been accepted as satisfactory in partial fulfillment of the requirement for the degree of
Bachelor of Pharmacy on March 09, 2023.

Examining Committee:

Supervisor:
(Member)

Dr. Mesbah Talukder
Professor, School of Pharmacy
Brac University

Program Coordinator:
(Member) Dr. Hasina Yasmin
Professor, Assistant Dean and Program Director, School of
Pharmacy
Brac University

Departmental Head:
(Chair)

Dr. Eva Rahman Kabir
Professor and Dean, School of Pharmacy
Brac University

il



Ethics Statement

The project does not involve any clinical trial or human participants, no animals were used or

harmed.

v



Abstract

Onychomycosis is a fungal infection in the nails. Oral antifungal therapies of onychomycosis;
terbinafine, fluconazole, ravuconazole, otesaconazole may cause liver and acute kidney injury
(AKI). This project aims to identify the signals of hepatotoxicity and AKI of these antifungals

in the FDA Adverse Event Report System (FAERS) database.

We included FAERS records, calculating reporting odds ratios (RORs), and associated 95%
confidence interval (CI). Statistical significance was considered when the lower limit of 95%

CI exceeded 1.0. Isoniazid and gentamicin were added as controls for the adverse events.

Terbinafine's ROR (95% CI) was 5.20 (2.70, 10.01), and fluconazole's was 1.15 (0.58,2.31) in
hepatotoxicity. No signal was detected for AKI for these two antifungals. Isoniazid showed
3.32, and 15.01 times more hepatotoxicity; gentamicin showed 4.06, and 5.24 times more AKI-
causing than terbinafine and fluconazole respectively. No clinical data for ravuconazole and

otesaconazole was found.

The study supported the association between terbinafine and hepatotoxicity. It found no

association between the drugs causing AKI.

Keywords: Antifungal-Induced Hepatotoxicity and Acute Kidney Injury; FDA Adverse Event

Reporting System; Oral Terbinafine; Fluconazole; Ravuconazole; Oteseconazole.
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Chapter 1

Introduction

1.1 Onychomycosis

Recent surveys have estimated the prevalence of onychomycosis to be 10% worldwide, most
likely as a result of lifestyle changes and aging (Gupta et al., 2020; Thomas et al., 2010).
Onychomycosis has been reported to affect about one-third of diabetic patients (Thomas et al.,
2010). Clinically, the disease is divided into five different types: candidal onychomycosis,
distal and lateral subungual onychomycosis, proximal subungual onychomycosis, superficial
white onychomycosis, and total dystrophic onychomycosis (Shirwaikar et al., 2008). The
disease is more prevalent in toenails and is more usually observed in males (Sigurgeirsson &
Baran, 2014). Dermatophytes, most often 7richophyton rubrum (T. rubrum), is discovered to
be the primary causative agent of the disease. Additionally, mixed infection types and non-
dermatophyte mold infections are also discovered (Gupta et al., 2020). Onychomycosis can
significantly negatively impact one's quality of life, thus the condition should not be
underestimated (Sigurgeirsson et al., 2002). Prior to starting treatment for onychomycosis,
confirmatory tests should be carried out. It is essential to collect sufficient and adequate
samples in order to identify the specific etiological fungus (Singal & Khanna, 2011). For
assessment, direct microscopy, fungus culture, and histopathology can be used. Moreover, the
infectious organism can be quickly identified using polymerase chain reaction (Lipner & Scher,

2019a).



1.2 Current Treatment Strategies for the Management of Onychomycosis

Eradication of the organism demonstrated in the diagnostic tests is the primary aim of
treatment. The success of systemic therapy is usually always greater than that of topical therapy
(Roberts et al., 2003). Topical therapy includes ciclopirox olamine, efinaconazole, and the
nonprescription topical solution containing propylene glycol-urea-lactic acid. On the other
hand, terbinafine, fluconazole, and itraconazole are administered systemically (Rosen & Stein
Gold, 2016). When compared to intermittent itraconazole, continuous terbinafine offered better
long-term mycological and clinical efficacy as well as lower rates of mycological and clinical

relapse (Sigurgeirsson et al., 2002).

1.3 Safety and Efficacy of Oral Terbinafine, Fluconazole, Ravuconazole, and

Oteseconazole in the Treatment of Onychomycosis

Oral terbinafine was allowed for the treatment of onychomycosis by the United States Food
and Drug Administration (FDA) in a dosage regimen of 250 mg per day for 12 weeks as it was
proved more effective than azole antifungals, showing a 38% complete cure rate (Kreijkamp-
Kaspers et al., 2017; Rosen & Stein Gold, 2016). The drug has fewer drug interactions, but
dosage adjustments are needed for cimetidine, cyclosporin, warfarin, theophylline, and
tricyclic antidepressants (lorizzo et al., 2005). Headache, rash, and increased liver enzymes are
some of its adverse effects (Shirwaikar et al., 2008). Terbinafine requires monitoring of liver
function in case of long-term therapy due to its tendency to cause idiosyncratic liver and skin

reactions (Roberts et al., 2003).

Fluconazole is less effective compared to terbinafine and itraconazole in the treatment of
onychomycosis, and thus the drug is prescribed for the patients who are intolerant to the other
agents (Brown, 2009). For the treatment of onychomycosis, oral fluconazole at a dose of 50

mg per day, or 300 mg per week is advised. For fingernails and toenails, the course of treatment



lasts for > 6-12 months, respectively (Iorizzo et al., 2005). The FDA has not approved
fluconazole for the treatment of onychomycosis because it has a greater relapse rate than
terbinafine and itraconazole (Rosen & Stein Gold, 2016; Vora et al., 2014). In onychomycosis
treatment efficacy rates of 37% with 150 mg per week, 46% with 300 mg per week, and 48%
with 450 mg per week are reported (Scher et al., 1998). As side effects, it disrupts the
gastrointestinal system and inhibits cytochrome P450 (CYP 3A4 and 2C9). Terfenadine and
astemizole is contraindicated with fluconazole. Tricyclic antidepressants, cisapride,
hydrochlorothiazide, rifampicin, tolbutamide, zidovudine, and warfarin need their dosages

adjusted (Iorizzo et al., 2005).

Oral ravuconazole is reported to be more effective against Rhizopus species than voriconazole
in a study on clinical isolates of filamentous fungus. It is extremely potent against various
Aspergillus species (91 to 94%) (Pfaller et al., 2002). The drug has encouraging outcomes in
the treatment of onychomycosis. Ravuconazole prodrug BFE1224 exhibits efficacy at 200 mg
per day for 12 weeks (Yamaguchi, 2016). However, 73% of patients in a phase II trial using
ravuconazole to treat onychomycosis experienced adverse effects from the drug, which

included dizziness, anemia, diarrhea, and urinary incontinence (Yan et al., 2006).

In a 60-week, randomized, double-blind, placebo-controlled, multicenter, phase II trial, 259
adults with moderate-to-severe distal and lateral subungual onychomycosis of the toenail
received oral oteseconazole (300 mg for 12 weeks or 600 mg for 24 weeks) and experienced
high nail clearance rates. Ingrown toenails, dermatitis, and headache were the most commonly

mentioned treatment-emergent adverse events (Hoy, 2022).



1.4 Relation to Oral Terbinafine, Fluconazole, Ravuconazole, and

Oteseconazole with Hepatotoxicity and Acute Kidney Injury (AKI)

According to several reports, terbinafine can result in cholestasis, acute hepatitis, acute liver
failure, vanishing bile duct syndrome, and severe jaundice, among other types of hepatotoxicity
(Choudhary et al., 2014; Fernandes et al., 1998). Between 1:45,000 and 1:54,000 cases
experience the onset of such conditions (Ajit et al., 2003). Jaundice often appears 2—6 weeks
following drug administration, and discontinuing terbinafine causes the disease to return to
normal in 2—12 months (Choudhary et al., 2014). However, in one incident, the patient required
an orthotropic liver transplant after experiencing fulminant hepatic failure 4 weeks after the

treatment (Ajit et al., 2003).

Fluconazole has the propensity to cause hepatotoxicity, as demonstrated by histopathologic
alterations and case reports. Patients with kidney impairment who are severely ill are
particularly vulnerable to it (Gadour & Kotb, 2021; Khoza et al., 2017). According to reports,
the condition affects 1.9% of the patients using the medication (Girois et al., 2005).
Furthermore, fluconazole-induced liver injury has been observed to occur in 316 out of 100,000
individuals in Taiwan (Manning et al., 1980). It is discovered to be non-dose dependent and
caused by an idiosyncratic reaction, despite numerous hypotheses on fluconazole's toxic

metabolites and its potential to cause hepatocyte mitochondrial disease (Chana et al., 2014).

By far, there has not been any evidence of ravuconazole-induced hepatotoxicity in non-clinical
trials among animals (Petraitiene et al., 2004) and otesaconazole affecting liver function (Hoy,

2022).

A case of a 22-year-old-male taking terbinafine for tinea was found to develop rhabdomyolysis

and acute kidney injury (AKI) within 9 days of the treatment. Upon immediate discontinuation



of terbinafine and proper treatment of the condition by hemodialysis, the kidney function

turned back to normal in a month (Zhou & Bagga, 2020).

Fluconazole can cause AKI in critically ill patients (Patel et al., 2011) although a replacement
of amphotericin B liposomal with 800 mg oral fluconazole in a 42-year-old male suffering from
Coccidioides posadasii meningoencephalitis has been shown to improve the patient’s condition
who developed amphotericin B liposomal induced AKI. However, this high dose of
fluconazole was further found to be associated with fluconazole-related limb and trunk alopecia

(Lang et al., 2019).

Moreover, severely ill patients are more prone to develop voriconazole-induced AKI. But such

cases are not found in terms of ravuconazole and in oteseconazole (lorizzo et al., 2010).

1.5 Oral Terbinafine

Terbinafine, an allylamine-group antifungal drug, was initially approved for the treatment of
onychomycosis in the UK and the USA in the 1990s (Krishnan-Natesan, 2009). It has been
shown to be more effective and safe than griseofulvin, itraconazole, and fluconazole in treating
dermatophytoses and toenail onychomycosis in several randomized, controlled trials (Elewski
& Hay, 1996). Terbinafine has a primary fungicidal effect on S. schenckii, dermatophytes, and

other filamentous fungi (Petranyi et al., 1987).

1.5.1 Pharmacokinetics

1.5.1.1 Absorption
Terbinafine is well absorbed from the gastrointestinal tract in more than 70% of doses taken
orally. Food does not substantially impact its bioavailability (Gupta & Shear, 1997). Healthy

participants experienced maximal plasma concentrations of about 0.9 mg/L after a single dose



of 250 mg of terbinafine within 2 hours. Following a single dose of 250 mg, mean AUC values

of 3.1 to 3.6 mg*h/L were observed (Balfour & Faulds, 1992).

1.5.1.2 Distribution

Following a 250 mg oral terbinafine dose in healthy volunteers, the mean volume of
distribution in a 2-compartment model was calculated to be 220.6 L for the central
compartment and 726.9 L for the peripheral compartment (Balfour & Faulds, 1992). The drug
shows high keratinophilic and lipophilic activity (Gupta & Shear, 1997) with strong and
nonspecific binding affinity to plasma proteins (Jensen, 1989). It crosses the blood-brain barrier
at levels higher than expected from the free fraction available (Machard et al., 1989). It is
widely distributed throughout the stratum corneum, sebum, hair, dermis, epidermis, and nails
in addition to adipose tissue (Balfour & Faulds, 1992; Gupta & Shear, 1997). Terbinafine
rapidly accumulates in sebum (45.1 mg/kg), the stratum corneum (9.1 mg/kg), and hair (2.6

mg/kg) (Balfour & Faulds, 1992).

A 250mg/day dose of the drug is observed to be available in distal clippings of diseased toenails
or fingernails within 3 to 18 weeks of beginning the therapy, based on a nail matrix kinetics
research. The mean concentration of terbinafine in the target nails stayed between 0.25 and
0.55 ng/mg. This shows that terbinafine may significantly shorten the typical treatment
duration for onychomycosis (6 months for fingernails and 12 months for toenails) (Finlay et

al., 1990).

1.5.1.3 Metabolism

Terbinafine is rapidly broken down by cytochrome P-450, which uses it as a substrate (Gupta
& Shear, 1997). The most significant enzymes for overall metabolism are CYP2C9, CYP1A2,
and CYP3A4 (Vickers et al., 1999). All the metabolites have been shown to be inactive (Gupta

& Shear, 1997).



1.5.1.4 Elimination

With a clearance rate of 76 L/h in healthy volunteers (Darkes et al., 2003), terbinafine has an
elimination half-life of around 16 hours and a terminal half-life of roughly 80 to 100 hours
(Leyden, 1998). Terbinafine is eliminated in the urine at 80% and the remainder through feces

(Darkes et al., 2003).



Figure 1: Metabolism of oral terbinafine (Vickers et al., 1999; Zhou et al., 2009).



1.5.2 Mechanism of Action

Terbinafine shows broad-spectrum activity against dermatophytes, and against NDMs, and
Candida species by inhibiting squalene epoxidase (Lipner & Scher, 2019b). All steroids have
squalene as their precursor, a consecutive conversion of which leads to the formation of
ergosterol. Ergosterol is the primary fungal sterol that promotes growth and proliferation (Jorda
& Puig, 2020). Hence, the administration of terbinafine causes a toxic buildup of squalene and
a reduction in ergosterol synthesis in vitro. Terbinafine's minimal inhibitory concentrations for

dermatophytes are almost equal to its minimal fungicidal concentrations (Leyden, 1998).

1.6 Oral Fluconazole

Fluconazole is a first-generation triazole which contrary to prior azole antifungals containing
imidazole ring, comprises a triazole ring. These modifications improve the drug's selectivity,
metabolic stability, and water solubility (Hollier & Cox, 1995). The medication has been
proven to be effective in treating onychomycosis in vitro, as well as aspergillosis,
coccidioidomycosis, histoplasmosis, cryptococcosis, blastomycosis, systemic
phaeohyphomycosis, and candidiasis (Hollier & Cox, 1995; Scher et al., 1998). In 1988, the

drug first was first made available for commercial use (Fischer & Ganellin, 2006).

1.6.1 Pharmacokinetics

1.6.1.1 Absorption

Fluconazole is water-soluble and rapidly absorbed from the digestive tract in 80-90% of the
dose in a linearly proportionate manner to the dose. A 150-mg dose of the drug reaches its peak
plasma concentration of 2.44-3.58 g/ml within 2 hours. The time it takes to reach the maximum

serum concentration is prolonged by the presence of food until 4 hours after the dose (Hollier



& Cox, 1995). The mean AUC of fluconazole in healthy volunteers receiving 25 mg of the

drug was 20.3 mg*h/L (Debruyne & Ryckelynck, 1993).

1.6.1.2 Distribution

Fluconazole has a broad range of distribution and is present in cerebrospinal fluid, dialysis
fluid, and other fluids. This enables it to treat a number of systemic fungal diseases, including
coccidioidal meningitis and fungal peritonitis (Debruyne & Ryckelynck, 1993). Drug
penetrations into the skin and nails have also been seen (Hollier & Cox, 1995). Fluconazole's
volume of distribution is highest during the neonatal period (1.18 to 2.25 L/kg) and declines
by young adulthood to a value that is comparable to that observed for adults (0.7 L/kg)
(Brammer & Coates, 1994). Its plasma protein binding is 12%, and the apparent volume of

distribution is 0.7 L/kg (Brammer et al., 1990).

1.6.1.3 Metabolism

Fluconazole undergoes around only 10% metabolism (Bruggemann et al., 2009). In one study,
only three of the drug’s metabolites (4% of the total drug administered) were identified in dogs
and mice (Humphrey et al., 1985). In a different experiment, two metabolites were identified
in healthy volunteers: a fluconazole N-oxide metabolite (2%), and a glucuronidated metabolite
on the hydroxyl moiety (6.5%) (Brammer et al., 1991). Fluconazole is a strong inhibitor of

CYP2C19 and a moderate inhibitor of CYP3A4 (Desai, 2016).

1.6.1.4 Elimination
The primary route of elimination of fluconazole is the kidney since 80% of the administered
drug is detected in urine as an unchanged form (Brammer et al., 1991). The half-life in patients

with normal renal function is observed to be 31 hours and the mean plasma clearance is 0.23

ml/min/kg (Brammer et al., 1991; Hollier & Cox, 1995).
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1.6.2 Mechanism of Action

Fluconazole selectively inhibits the cytochrome P450-dependent enzyme lanosterol 14-
demethylase found in fungi (Hollier & Cox, 1995). An iron atom in the heme group of the
enzyme lanosterol 14-demethylase forms a bond with the free nitrogen atom on the azole ring
of fluconazole (Joseph-Horne & Hollomon, 1997). Lanosterol 14-demethylase is required for
the conversion of lanosterol to ergosterol, a major component of the fungal cell membrane.
Ergosterol synthesis is disrupted, and as a result, the membrane undergoes structural and
functional alterations that make the fungus more vulnerable to osmotic and immune-mediated

damage and hinder cell adhesion (Hollier & Cox, 1995).

1.7 Oral Ravuconazole

Ravuconazole, an isomer of isavuconazole, is a triazole antifungal that is at present undergoing
clinical trials (Petraitiene et al., 2004). For the oral treatment of onychomycosis, ravuconazole
and its prodrugs (especially BFE1224) are potential novel therapeutic candidates, showing
effectiveness at a dose of 200 mg/day for 12 weeks (Yamaguchi, 2016). A wide range of
antifungal action is demonstrated by the drug. In vitro tests suggest that it has strong antifungal
activity against multiple Candida spp., Aspergillus spp., and Cryptococcus neoformans
(Petraitiene et al., 2004). However, it shows limited activity against Zygomycetes spp.,

Scedosporium spp., and Fusarium spp. (Chackalamannil et al., 2017).

1.7.1 Pharmacokinetics

1.7.1.1 Absorption

The oral intake of ravuconazole results in rapid absorption (Yamaguchi, 2016). In a non-
clinical experiment, doses of 2.5, 5.0, and 10 mg/kg/day were administered to rabbits

experiencing invasive pulmonary aspergillosis. The mean Cmax was found to be 2.7, 7.96, and

11



13.88 pg/ml, respectively. Furthermore, the AUCy.24 was determined to be 20, 28, and 68.66
pug*h/ml, respectively (Petraitiene et al., 2004). The tmax in disease-free rats receiving oral
ravuconazole 10 mg/kg is discovered to be 8 hours, where the Cimax was 1.68 pg/ml (Mikamo
et al., 2002). When ravuconazole was taken along with a high-fat meal, a 2- to 4-fold rise in

systemic bioavailability was seen (Yamaguchi, 2016).

1.7.1.2 Distribution

Although poorly soluble in water (0.6 pgmL™) (Triggle & Taylor, 2006), ravuconazole
exhibits significant protein binding (98%) (Yamaguchi, 2016). In comparison to similar blood
levels, ravuconazole concentrations in rat lung and uterus tissues were found 2—6 times greater

(Mikamo et al., 2002).

1.7.1.3 Metabolism

Cytochrome P450 enzymes are thought to play a role in the metabolism of ravuconazole
(Yamaguchi, 2016). Unlike other azoles, the drug does not significantly inhibit the CYP 3A4

metabolic pathway (Baran et al., 2005).

1.7.1.4 Elimination

Ravuconazole has a relatively longer terminal half-life (4-8 days) throughout clinical trials,

and it is predominantly eliminated in feces (Yamaguchi, 2016).

1.7.2 Mechanism of Action

Ravuconazole also inhibits cytochrome P450 14a-demethylase, an enzyme necessary for the

formation of ergosterol, like other azole antifungals (Shin et al., 2000).
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1.8 Oral Otesaconazole

Otesaconazole, also known as VT-1161, is a novel, selective inhibitor of the fungal enzyme
CYP51 and exhibits antifungal action against Candida albicans, which is sensitive to
fluconazole (Garvey et al., 2015). In April 2022, the US Food and Drug Administration (FDA)
approved the drug for the management of recurrent vulvovaginal candidiasis (Hoy, 2022). In
the treatment of onychomycosis, otesaconazole had a promising clinical outcome and an

acceptable adverse event profile (Elewski et al., 2021).

1.8.1 Pharmacokinetics

1.8.1.1 Absorption

Otesaconazole has a high oral absorption rate, which is confirmed by non-clinical study results
showing a high bioavailability (Sobel & Nyirjesy, 2021). However, high-calorie and high-fat
diets have an impact on bioavailability. In the treatment of vulvovaginal candidiasis,
otesaconazole's mean Cmax was found to be 2.8 g/mL within 5 to 10 hours of dosing. In that

case, the AUC was 64.2 g*h/mL (Mycovia Pharmaceuticals, 2022).

1.8.1.2 Distribution

Oteseconazole generally has a 423 L volume of distribution and a strong protein binding of

between 99.5 and 99.7% (Mycovia Pharmaceuticals, 2022).

1.8.1.3 Metabolism

No major metabolism is involved with oteseconazole (Mycovia Pharmaceuticals, 2022).

13



1.8.1.4 Elimination

Oteseconazole has a median terminal half-life of around 138 days, which is longer than most
other drugs (Mycovia Pharmaceuticals, 2022). The excreted medication is primarily found in

bile and feces, with trace amounts being present in urine (Sobel & Nyirjesy, 2021).

1.8.2 Mechanism of Action

Otesaconazole prevents the production of ergosterol by selectively inhibiting the fungal CYP51
(also known as 14-demethylase) (Garvey et al., 2015). Furthermore, it causes fungal cell death

by increasing the buildup of 14-methylated sterols (Mycovia Pharmaceuticals, 2022).
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Figure 2: Biosynthesis of ergosterol and terbinafine and azole antifungals” mechanism of action (Jorda & Puig, 2020)
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Table 1: Pharmacokinetics of oral terbinafine, fluconazole, ravuconazole and oteseconazole (Balfour & Faulds, 1992; Brammer et al., 1991; Brammer et al., 1990;

Bruggemann et al., 2009; Darkes et al., 2003, Debruyne & Ryckelynck, 1993, Desai, 2016, Gupta & Shear, 1997; Hollier & Cox, 1995, Hosseini-Yeganeh & McLachlan,

2002; Jensen, 1989; Leyden, 1998; Machard et al., 1989; Mikamo et al., 2002; Mycovia Pharmaceuticals, 2022; Petraitiene et al., 2004; Sobel & Nyirjesy, 2021; Vickers et

al., 1999; Yamaguchi, 2016)

Pharmacokinetic Parameters Terbinafine Fluconazole Ravuconazole Oteseconazole
Absorption Bioavailability 70% absorbed in the 80% - 90% absorbed in | High bioavailability. High bioavailability.
GIT. the GIT.
Crmax 0.9 mg/L. 2.44-3.58 g/ml. 1.68 pg/ml. 2.8 g/mL.
Tmax 2 hours. 2 hours. 8 hours. 5-10 hours.
AUC 3.1 to 3.6 mg*h/L. 20.3 mg*h/L. 68.66 pg*h/ml. 64.2 g*h/mL.
Eftect of food on Not affected. Gets prolonged until 4 2- to 4-fold rise in Cmax and AUCo.72n get
bioavailability hours after the dose. systemic bioavailability [ 45% and 36% higher,

is achieved with a high-

fat meal.

respectively with a
high-calorie and high-
fat diet.
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Distribution

Vb

780 -2000 L.

0.7 L/kg in adults. Unknown. 423 L.
Plasma protein | Binds non-specifically. 12%. 98%. 99.5-99.7%.
binding
Blood-brain Yes. Yes. Unknown. Unknown.
barrier crossing
Metabolism Metabolized primarily | Undergoes around only Cytochrome P450 No major metabolism is
in the liver by CYP2C9, | 10% metabolism. It’s a | enzymes are thought to involved with
CYP1A2, and CYP3A4. strong inhibitor of play a role in the oteseconazole.
CYP2C19 and a metabolism of
moderate inhibitor of ravuconazole.
CYP3A4.
Elimination Clearance 76 L/hour. 0.23 ml/min/kg. Unknown. Clearance was 48%
higher in non-white
people than it was in
white participants.
Half-life 16 hours. 31 hours. 4-8 days. Around 138 days.
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Route of

elimination

Eliminated in the urine
at 80% and the
remainder through

feces.

The primary route of
elimination is the
kidney since 80% of the
drug gets eliminated

through urine.

Predominantly

eliminated in feces.

Primarily excreted
through bile and feces,
and a trace amounts is

found in urine.

AUC 024 hour): area under the curve from time 0-24 hour; Cmax: maximum plasma concentration; Tmax: time to reach Cmax; Vp: volume of

distribution.
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Chapter 2

Methodology

2.1 Data Source

In phase IV clinical trial of a drug, the true safety and efficacy of a drug is assessed through
ongoing safety monitoring via a system for tracking spontaneous adverse events or via post-
marketing surveillance, making it a crucial stage of the drug development process. Frequently
occurring practice patterns can produce leads that can give rise to a further review of a potential
indication or a signal that can call for regulatory action (Suvarna, 2010). Thus, regulatory
bodies have developed systems and databases for monitoring drugs’ adverse events. For
instance, the FDA Adverse Event Reporting System (FAERS) and the Vaccine Adverse Event
Reporting System (VAERS), Vigibase, the WHO's global database of individual case safety
reports (ICSRs), EudraVigilance, which was formed in partnership with the European Union

Member States, etc. (Bihan et al., 2020).

In our case, the information used to identify the signal was gathered from the FAERS database,
a public repository for reports of adverse events, prescription errors, and product quality issues
that led to adverse events that were sent to the FDA. According to medication information,
patient demographics and administrative data, adverse effects, sources of reports, the beginning
and end of therapy, indication, and patient outcome, the FAERS database is set up. The Medical
Dictionary for Regulatory Activities (MedDRA) informatic framework is used to code the
adverse event information in FAERS. Additionally, its information structure follows the
International Conference on Harmonization's guidelines (ICH). Moreover, this system provides
user-friendly statistics and visualizations and makes it easier to query the data (Center for Drug

Evaluation and Research, 2021).
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2.2 Inclusion and Exclusion Criteria

In the investigation, FAERS data from January 2016 to September 2022 were included and the
following generic names were used: terbinafine, fluconazole, ravuconazole, and otesaconazole.
FAERS defines adverse drug reactions (ADRs) using Preferred Terms (PTs) from the
MedDRA (MedDRA, n.d.). ‘Hepatotoxicity’ and ‘acute kidney injury’ were two PTs used in
our study to assess antifungal-induced liver and kidney injury respectively. We excluded all
the data where a number of other suspected drugs are present. The possible duplication of data
was cautiously excluded by using the case number. The age, sex, and event date were matched
as another method of removing duplicate reports. Primarily, onychomycosis was focused as
the indication of oral terbinafine, fluconazole, revuconazole, and otesaconazole. Isoniazid and
gentamicin were chosen as known hepatotoxicity and AKI-causing agents as ADRs

respectively.

Isoniazid is globally known as a drug, causing hepatotoxicity as an adverse effect. It also causes
acute liver injury with jaundice, which is also found to be fatal. Even if the adverse effect is
self-limited, certain cases of jaundice required an emergent liver transplant (National Institute
of Diabetes and Digestive and Kidney Diseases (U.S.) & National Institute of Diabetes and
Digestive and Kidney Diseases (U.S.), 2012). Moreover, this is reported as the most common
agent (14 times more than other drugs) causing hepatotoxicity in Uganda (Nanyonga et al.,
2022; Russom et al., 2018). Its reason for developing hepatotoxicity is related to the drug’s

plasma concentration level, and the correlation has been established (Jeong et al., 2015).

On the other hand, a study based on the French national pharmacovigilance database (FPVD)
compared drug-induced AKI among diuretics, anti-inflammatory agents, antineoplastic drugs,
drugs affecting the renin-angiotensin system, as well as antibacterial drugs and found
gentamicin having one of the highest reporting odds ratio (ROR) (Pierson-Marchandise et al.,

2017). By preventing protein synthesis in renal cells, gentamicin causes AKI. This leads them
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to necrosis, which preferentially affects cells in the proximal renal tubule and leads to acute

tubular necrosis. This is further followed by acute renal failure (Balakumar et al., 2010).

Based on these cases and evidence, isoniazid and gentamicin were selected as known AKI and

hepatotoxicity-causing agents as ADRs, respectively.

2.3 Endpoints

The end points for this project are hepatotoxicity and AKI. The endpoints are specified using

PTs of MedDRA.

2.4 Statistical Analysis

For signal detection, disproportionality analysis was done by computing ROR in R software
(version 4.2.1) and corresponding 95% confidence interval (CI) for the reporting association
between adverse effects (hepatotoxicity and AKI) and each of the drugs which included
terbinafine, fluconazole, ravuconazole, oteseconazole. ROR was chosen due to its

advantageousness over the proportional reporting ratio (PRR) in terms of estimating relative
risk and eliminating biases (Rothman et al., 2004). The ROR was determined by usinga 2 X 2

contingency table, where reports were classified based on the presence or absence of oral

terbinafine, fluconazole, ravuconazole and otesaconazole, and the adverse -effects
(hepatotoxicity and AKI). Using the formula of %, the ROR was calculated. When the lower

limit of the 95% confidence interval for the adjusted ROR was greater than 1, it was determined
that the adverse effects were significantly more frequently reported than they were after using
the other medicines, which is also referred to as a signal in pharmacovigilance study (Hauben
& Aronson, 2009). Moreover, ROR for isoniazid and gentamicin was also calculated as a
control apart from oral terbinafine, fluconazole, ravuconazole, and otesaconazole to compare

the significance of the signals produced by them.
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Chapter 3

Results

3.1 Signal Detection

3.1.1 Hepatotoxicity

Regarding causing hepatotoxicity, terbinafine showed the highest ROR (95% CI) of 5.20 (2.70,
10.01) among the drugs. Following that, fluconazole showed a ROR (95% CI) of 1.15 (0.58,
2.31). There were no cases found for ravuconazole and otesaconazole-induced hepatotoxicity

in the FAERS database.

We used the whole database as a comparator where reports from January 2016 to September
2022 were collected. In terms of terbinafine, 9 reports were found causing hepatotoxicity and
2392 other cases were found of it causing other adverse effects. The ROR (95% CI) of
terbinafine was then determined to be 5.20 (2.70, 10.01). That means, according to the

condition, terbinafine is showing a signal.

In the calculation of ROR (95% CI) of fluconazole causing hepatotoxicity, the entire database
used as a comparator, containing reports from January 2016 to September 2022, was collected
as a comparator, as we followed previously. Fluconazole was linked to 8 cases of
hepatotoxicity, and 9587 reports of other side effects. Through the calculation, it was
determined that fluconazole's ROR (95% CI) was 1.15. (0.58, 2.31). This indicates that

fluconazole is not producing a signal for the adverse effect.

Finally, the ROR of isoniazid causing hepatotoxicity was determined as a control to compare
the ROR of the drugs using reports from January 2016 to September 2022 in the whole
database. There were 62 cases of the adverse effect and 4991 cases of other adverse events
caused by isoniazid reported. The ROR (95% CI) of isoniazid is calculated to be 17.26 (13.43,
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22.19). This clearly shows a signal and it is determined to be 3.32 times more hepatotoxic

compared to terbinafine, and 15.01 times more than fluconazole.

ROR 95% ClI

Terbinafine - } & } 52 270,10.01

Fluconazole 1 H 1.1 0.58, 2.31

Isoniazid L
| | 17.3 13.43, 2219

0 5 10 15 20
Repaorting Odds Ratio (95% Cl)

Figure 3: Forest Plot for hepatotoxicity of oral terbinafine and fluconazole against the whole database

where isoniazid is used as a control

3. 1. 2 Acute Kidney Injury (AKI)

None of the antifungals displayed any signal that they could cause AKI. There were 9 reports
of AKI caused by terbinafine, and 28 cases of the same adverse effect were reported for
fluconazole. And the drugs were identified to have ROR (95% CI) values of 0.53 (0.27, 1.02)
and 0.41 (0.28, 0.60), respectively for terbinafine and fluconazole. Like hepatotoxicity, no

cases were found for ravuconazole and oteseconazole induced AKI in the FAERS database.
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As a final step, the ROR of gentamicin resulting in AKI was established as a control. 50 cases
of the adverse effect and 3264 cases of other adverse events brought on by gentamicin were
recorded in the entire database from January 2016 to September 2022. Gentamicin's ROR (95%
CI) is calculated to be 2.15 (1.63, 2.84). The calculation displays a signal for gentamicin
causing AKI and the drug is found to be 4.06 times more AKI causing agent than terbinafine

and 5.24 times more than fluconazole.

Figure 4: Forest Plot for AKI of oral terbinafine and fluconazole against the whole database where

gentamicin is used as a control
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Table 2: ROR of oral terbinafine, fluconazole, and control drugs (isoniazid, gentamicin) in causing

hepatotoxicity and AKI

Drugs Cases Cases (AKI) | ROR (95% CI) | ROR (95% CI)
(hepatotoxicity) (hepatotoxicity) (AKI)

Oral 9 9 5.20 (2.70, 0.53(0.27, 1.02)
Terbinafine 10.01)

Oral 8 28 1.15(0.58,2.31) | 0.41 (0.28, 0.60)

Fluconazole
Isoniazid 62 N/A 17.26 (13.43, N/A

22.19)

Gentamicin N/A 50 N/A 2.15(1.63, 2.84)
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Chapter 4

Discussion

The results of our experiment suggest a significant association with hepatotoxicity by
terbinafine. There were 9 cases among 2392 adverse events of terbinafine causing
hepatotoxicity and 8 among 9587 cases were found for fluconazole in the FAERS database.
Furthermore, the drugs’ tendency to cause hepatotoxicity was compared with isoniazid, and it
is found to be 3.32 times more hepatotoxic compared to terbinafine, and 15.01 times more than
fluconazole. Considering that only 1:45,000 to 1:54,000 cases of hepatic dysfunction were
recorded, terbinafine-induced hepatotoxicity was not thought to be clinically important (Ajit et
al., 2003; Fernandes et al., 1998). Even though it is a less common side effect with a frequency
of 2.5 occurrences per 100,000, terbinafine can induce acute or sub-acute liver failure
necessitating a liver transplant (Choudhary et al., 2014; Ly et al., 2019). Our investigation
suggests a strong association of terbinafine and hepatotoxicity. Hence its long-term usage

should be carefully monitored.

The time between terbinafine exposure and the beginning of jaundice is typically 2—6 weeks.
It may take up to three weeks for serum bilirubin levels to peak after discontinuing terbinafine,
and it can take two to twelve months for liver function tests to return to normal (Choudhary et
al., 2014). The drug’s mechanism of causing hepatotoxicity is not established yet but
cholestasis and a significant increase in liver enzymes are found. Thus, it is advised to check
the liver function before starting treatment and to continue regular monitoring for 4-6 weeks

after starting treatment (Yan et al., 2014).

Fluconazole has also been found to be linked to hepatic or cholestatic liver damage (Chana et
al., 2014). However, our investigation found no correlation of fluconazole-induced

hepatotoxicity. Hepatocyte mitochondrial disease may result from fluconazole, which can be
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brought on by the suppression of cytochrome P450 enzymes in the smooth endoplasmic
reticulum and inner mitochondrial membrane or by an unknown toxic drug metabolite of the
drug (Guillaume et al., 1996; Somchit et al., 2002). Fluconazole-induced hepatotoxicity was
previously found to start between days 6 and 25 of treatment. However, the majority of patients
indicated a delayed onset at least a week following the start of fluconazole treatment (Chana et

al., 2014).

Our investigation also found no relation between terbinafine-, and fluconazole-induced AKI.
So far, only a few cases of terbinafine and fluconazole induced AKI has been reported (Lang
et al.,, 2019; Zhou & Bagga, 2020). But cases of ravuconazole and otesaconazole induced
hepatotoxicity are not found in terms of ravuconazole and in oteseconazole (Hoy, 2022; lorizzo

et al., 2010; Petraitiene et al., 2004).

4.1 Limitation

FAERS database, however, has some limitations of its own. For instance, it's not certain that
the incident that was reported was brought on by the product. The database cannot prove a
connection between a drug's effects and an adverse effect. Additional limitations include
inadequate reports, or reports without clear causal relationships (Center for Drug Evaluation

and Research, 2021).

27



Chapter 5

Conclusion

The study confirms the relationship between hepatotoxicity and terbinafine through detecting
a signal of the drugs’ causing the adverse effect. The severity of the adverse effect by the drugs
were determined by comparing them with isoniazid, the most hepatotoxicity-causing agent
based on the available evidence. Furthermore, this study confirms terbinafine, fluconazole,
ravuconazole, and oteseconazole to be safe in terms of causing AKI. Terbinafine and
fluconazole were found to cause AKI way less likely than gentamicin. The requirement of

regular monitoring of the liver in case of treatment by the drugs is warranted.
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