
 
 

 

 

 

 

Evaluating the Clearance of Common Extra-label Drug Combinations by Turkey Hepatocytes in 

Primary Culture 

 

by 

Samantha Lyster 

 

 

A Thesis  

presented to  

The University of Guelph 

 

 

 

In partial fulfillment of the requirements 

 for the degree of  

Master of Science  

in  

Biomedical Sciences 

 

 

 

 

Guelph, Ontario, Canada 

© Samantha Lyster, August 2020



 
 

ABSTRACT 
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University of Guelph, 2020               Dr. Ron Johnson 

 

 

 

Although common in the commercial turkey industry, concurrent use of two or more 

drugs in the same feed can result in drug-drug interactions that may impact drug clearance. 

Therefore, this thesis tested the hypothesis that primary turkey hepatocyte cultures are useful as a 

high-throughput in vitro model to screen for drug-drug interactions with drug combinations in 

poultry feed. The cultures were validated by confirming the presence of proteins, enzymes, and 

enzyme processes that are involved in drug clearance. The in vitro model was successfully used 

to monitor the clearance of fenbendazole and monensin and to assess differences in the rates of 

clearance when the drugs were used alone versus in combination. Linear regression analysis 

revealed that the rate of clearance of fenbendazole in combination was 13.3% slower than 

fenbendazole clearance on its own. Additional experiments are needed to determine the clinical 

and human food safety relevance of the observed interaction.
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Introduction 

Drugs are administered to veterinary species, including food-producing animals, to 

prevent, control, and treat various disease conditions. As a division of Health Canada’s Health 

Products and Food Branch, the Veterinary Drugs Directorate (VDD) is responsible for ensuring 

the safety of food products derived from food-producing animals that are treated with drugs in 

Canada (Veterinary Drugs Directorate (VDD), 2019). The VDD regulates the approval of 

veterinary medications, and sets standards for the industry to follow, including maximum residue 

limits (MRLs) and withdrawal periods or withholding times for tissues and milk or eggs, 

respectively (Veterinary Drugs, 2018). The MRL is defined as the maximum level of drug 

residue that can be safely consumed by humans in edible products from food-producing animals, 

without causing adverse effects (Maximum Residue Limits (MRLs), 2017). Maximum residue 

limits are determined from extensive studies to characterize the metabolic, toxicologic, and 

chemical properties of the parent drug compound and metabolites (Setting Standards for 

Maximum Residue Limits (MRLs) of Veterinary Drugs Used in Food-Producing Animals, 2016). 

This information, and calculation of the MRL, is used to establish the withdrawal 

period/withholding time, which is defined as the lag time between the last drug treatment in the 

animal(s) and when the edible product (s) can be processed, and ultimately, safely consumed by 

humans (Setting Standards for Maximum Residue Limits (MRLs) of Veterinary Drugs Used in 

Food-Producing Animals, 2016). The withdrawal period/withholding time is generally included 

in WARNING statements section on the drug label, but is only considered valid when the drug is 

used according to label instructions (Policy on Extra-Label Drug Use (ELDU) in Food 

Producing Animals, 2008; Setting Standards for Maximum Residue Limits (MRLs) of Veterinary 

Drugs Used in Food-Producing Animals, 2016). Otherwise, use of the drug is considered extra-
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label and requires modifications to the withdrawal period/withholding time to ensure food safety 

(Policy on Extra-Label Drug Use (ELDU) in Food Producing Animals, 2008). 

Administration of drugs to food-producing animals is often achieved through the oral 

route in medicated feed mixtures, also referred to as complete feeds (Compendium of Medicating 

Ingredient Brochures, 2019). The medicated feed mixtures are usually prepared by a feed mill 

using veterinary-approved medications obtained by prescription from a licensed veterinarian, or 

less commonly using over-the-counter (i.e. non-prescription) products (Compendium of 

Medicating Ingredient Brochures, 2019). Adding drugs to complete feeds offers ease of 

administration for very large herds or flocks of animals, which is ultimately safer and more 

efficient for veterinarians and producers (Vermeulen et al., 2002). However, oral administration 

is not always possible and other routes, including injection or topical applications, are used 

(Vermeulen et al., 2002).  

Drugs are often administered to food-producing animals as monotherapy, but they can 

also be administered in combinations of two or more drugs in complete feeds. However, the 

approved drug label rarely includes drug combinations that can be administered simultaneously 

in feed. Compatibility of drugs used in combination is a concern due to the potential for drug-

drug interactions, particularly in food-producing animals where downstream effects, such as 

violative drug residues, can raise additional concerns (Lin & Lu, 2012). The Compendium of 

Medicating Ingredients Brochures (CMIB) is a series of documents that lists medicating 

ingredients that may legally be added to livestock feed, including approved combinations of 

drugs that may be used in livestock feed without concern of drug interactions and thus, do not 

require changes to withdrawal periods (Compendium of Medicating Ingredient Brochures, 2019). 

Drug combinations that are not addressed by the CMIB are considered extra-label and may 
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require modifications to withdrawal periods. The CMIB is overseen by the Canadian Food 

Inspection Agency (CFIA).  

The CFIA oversees animal and plant health, international market access and ensures food 

safety in Canada (Canadian Food Inspection Agency, 2020). The CFIA employs several 

surveillance programs to monitor chemical residues, including drug residues in edible tissues and 

animal products (Chemical Residues in Food, 2020). Since 95% of meat processing plants in 

Canada are federally registered and licenced, most of these programs are national and involve 

CFIA inspections (Evaluation of the CFIA’s Meat Programs, 2018). However, meat-processing 

plants that do not export meat across provincial or national borders can register provincially and 

are governed under the provincial meat inspection guidelines (Ontario’s Meat Inspection System, 

n.d.). The collated results of the federal monitoring programs are summarized annually by the 

National Chemical Residue Monitoring Program (NCRMP) (Chemical Residues in Food, 2020).  

The compatibility of drugs used in combination is determined by the potential for 

interactions between the two (or more) drugs in the combination (Lin & Lu, 2012). Drug 

interactions can occur at any point the pharmacokinetic process, but the most common drug-drug 

interactions occur as a result of the metabolism of one drug being impacted by the presence of 

another drug at the level of the hepatocyte (Li et al., 1997). Altered metabolism can have several 

effects including violative drug residues impacting food safety, or adverse effects on the treated 

animal(s) such as drug toxicities or subtherapeutic drug concentrations and treatment failure. 

Violative drug residues usually entail veterinary-approved drugs that are at systemic levels 

exceeding the mandated MRLs and therefore, are considered a serious food safety concern, but 

can also include any systemic level of drugs banned for use in food-producing animals (Setting 
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Standards for Maximum Residue Limits (MRLs) of Veterinary Drugs Used in Food-Producing 

Animals, 2016). 

The Canadian Global Food Animal Residue Avoidance Databank (CgFARADTM) is a 

university-based veterinary clinical pharmacology service that provides expert advice to 

veterinarians licensed in Canada regarding modifications to drug withdrawal periods when drugs 

are used extra-label in food-producing animals (CgFARAD - Canadian Global Food Animal 

Residue Avoidance Databank, n.d.). The CgFARADTM receives over 2300 requests a year from 

licensed Canadian veterinarians, with ~65% involving the use of extra-label drug combinations 

in poultry (chicken and turkey) feed (Dr. Saad Enouri, Staff Veterinarian, CgFARADTM: 

personal communication). Review of historical CgFARADTM requests for drug combinations to 

be used in turkey feed include the following frequently used drug combinations: fenbendazole + 

monensin, tylosin + monensin, and fenbendazole + lasalocid (Dr. Saad Enouri, Staff 

Veterinarian, CgFARADTM: personal communication).  

Assessment of food safety risks from violative drug residues when drugs are used in 

combination is challenging. Pharmacokinetic studies or drug depletion studies requires live 

animal studies, which are often very time-consuming and costly. Alternatively, several in vitro 

models have been developed as high-throughput systems used to study drug metabolism and 

drug-drug interactions. Among the most common in vitro models are subcellular fractions 

(microsomes and S9), hepatocyte suspensions, and hepatocyte cultures (Zhang et al., 2012). The 

models vary with respect to advantages and limitations. The subcellular fractions are the most 

time- and cost-effective, but the least representative of a complete and integrated in vivo system 

(Richardson et al., 2016; Zhang et al., 2012). The hepatocyte suspension and cultures closely 
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mimic in vivo conditions, but vary by duration of use, and are logistically and financially 

challenging (Zhang et al., 2012).  

 

Regulation of veterinary drug use in Canada 

Veterinary Drugs Directorate of Health Canada 

Veterinary medications are prescribed to animals to prevent, control, and treat diseases. 

Like the Therapeutic Product Directorate for human medications in Canada, strict regulations are 

in place to evaluate and monitor the safety, quality, and efficacy of veterinary medications 

(Veterinary Drugs Directorate (VDD), 2019). The Veterinary Drug Directorate (VDD) is the 

division of Health Canada’s Health Products and Food Branch responsible for the review, 

approval, and oversight of veterinary medications in Canada (Veterinary Drugs Directorate 

(VDD), 2019). To obtain approval from the VDD to bring a drug to market, the sponsoring 

pharmaceutical company must provide extensive technical documents and data packages for 

review. These sections include animal safety and toxicology testing, which must be conducted 

under Good Laboratory Practices (GLP) guidelines. In addition, clinical efficacy studies must be 

conducted under Good Clinical Practices guidelines.  

The VDD also ensures that food products derived from food-producing animals treated 

with drugs are safe for human consumption by setting industry standards, including MRLs, and 

withdrawal periods and withholding time for edible tissues and milk, respectively (Setting 

Standards for Maximum Residue Limits (MRLs) of Veterinary Drugs Used in Food-Producing 

Animals, 2016). The MRLs for veterinary approved drugs for use in food-producing animals are 

determined by the VDD after review of key studies submitted by pharmaceutical companies 

seeking veterinary drug approvals. These studies are conducted following guidance documents 
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made available by the VDD, including: metabolism studies to determine the amount of time it 

takes for the drug to be cleared from the system, Total Residue Level (TRL) measurement in 

each edible tissue, and toxicology testing to ensure that any residual drug substances in edible 

products do not exceed an acceptable daily intake (ADI) (Setting Standards for Maximum 

Residue Limits (MRLs) of Veterinary Drugs Used in Food-Producing Animals, 2016). The ADI 

is defined as the substance level that humans can consume daily over a lifetime, without 

negatively impacting their health (Setting Standards for Maximum Residue Limits (MRLs) of 

Veterinary Drugs Used in Food-Producing Animals, 2016). The MRL is used to establish a 

withdrawal period/withholding time, which is included on the drug label (Setting Standards for 

Maximum Residue Limits (MRLs) of Veterinary Drugs Used in Food-Producing Animals, 2016). 

The withdrawal period/withholding time is the time between the last drug treatment in the 

animal(s) and when the edible product(s) of food-producing animals can be processed for human 

consumption (Setting Standards for Maximum Residue Limits (MRLs) of Veterinary Drugs Used 

in Food-Producing Animals, 2016). The withdrawal period/withholding time is only valid when 

the drug is used as indicated on the label (Policy on Extra-Label Drug Use (ELDU) in Food 

Producing Animals, 2008). Otherwise, the drug use is considered extra-label and requires 

modifications to the withdrawal period/withholding time when used in food-producing animals 

(Vermeulen et al., 2002). 

Canadian Food Inspection Agency  

The CFIA is dedicated to lessening risks to human food safety and protecting food, 

animals, and plants to improve the health and wellbeing of Canada, including its people, 

environment, and economy (Canadian Food Inspection Agency, 2020). In doing so, the CFIA 

employs several inspection programs to ensure oversight of food production across the country, 
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including collaborative programs with other levels of government. In Canada, meat-processing 

plants must register with the federal or provincial government to obtain a license to process 

animals for meat products (Evaluation of the CFIA’s Meat Programs, 2018). The license type 

(provincial or federal) depends on the shipping destination for the meat products and dictates the 

subsequent inspection program. Meat processing plants that do not export meat across national or 

provincial borders can register with the provincial government, otherwise, they must register 

with the CFIA (Canadian Food Inspection Agency, 2020). Specifically, 95% of meat-processing 

plants in Canada are federally registered and therefore, inspected by the CFIA (Evaluation of the 

CFIA’s Meat Programs, 2018). The inspectors are responsible for verifying the operators of the 

meat processing plants and the meat products prepared by each establishment are compliant 

under the federal Meat Inspection Regulations or related local regulations (Evaluation of the 

CFIA’s Meat Programs, 2018). 

A key aspect of the inspection system is chemical residue detection for any chemical 

contamination in food-producing animals stemming from therapeutic drug treatment or other 

chemical contaminants. The National Chemical Residue Monitoring Program (NCRMP) is the 

national rclinicaegulatory surveillance program for chemical residues and contaminants in food, 

including meat products (Chemical Residues in Food, 2020). The program conducts sampling in 

three stages: monitoring sampling to identify contamination, directed sampling to target 

identified contamination issues, and compliance sampling to remove violative food products 

from the market (Chemical Residues in Food, 2020). The results of this program are collated 

annually, and non-compliant findings are provided to related governmental agencies for follow 

up action, if necessary, as well as agriculture producers and retailers to promote safe food 

practices (Chemical Residues in Food, 2020).  
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Veterinary drug use in poultry  

Drug administration in animals can occur by several routes, including oral, topical, and 

injection. In poultry, oral administration is the most common route of administration and is 

commonly achieved by preparation of complete feeds, which include adding medicated premixes 

in the feed mixture (Vermeulen et al., 2002). Complete feeds are an effective way to treat poultry 

flocks due to their size and the ease of drug administration, which is important for the safety and 

efficiency of poultry producers and veterinarians (Compendium of Medicating Ingredient 

Brochures, 2019). Complete feeds for most veterinary approved drugs in Canada are prepared by 

a feed mill under the authorization of a prescription issued by a licensed veterinarian (Lin & Lu, 

2012).  

 Although drugs are most often prescribed and administered as monotherapy to food-

producing animals, combinations of two or more drugs are frequently administered in complete 

feeds. Approved drug labels rarely include drug combinations that can be administered 

concurrently. The compatibility of drugs used in combination is a concern because of the 

potential for drug-drug interactions (Compendium of Medicating Ingredient Brochures, 2019). 

The Compendium of Medicating Ingredients Brochures (CMIB) provides regulatory expertise on 

drugs that can be added to livestock feed, including approved combinations of drugs that may be 

used without concern of drug interactions (Compendium of Medicating Ingredient Brochures, 

2019). The CMIB list is provided by the CFIA to complement the regulations outlined by the 

VDD in the Food and Drugs Act and the Feeds Act (Policy on Extra-Label Drug Use (ELDU) in 

Food Producing Animals, 2008). Drug combinations listed on the CMIB brochure as 

“compatible” are based on data provided by the pharmaceutical companies and do not require 

modifications to the withdrawal times of the combined drugs. Unfortunately, additional studies 
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evaluating the compatibility of combinations of drug to added to feeds for use in food-producing 

animals is costly. As such, many drug combinations frequently prescribed are not addressed on 

the CMIB list and therefore are considered extra-label drug use.  

Extra-label drug use in food-producing animals  

All extra-label drug use in poultry in Canada must be accompanied by a prescription from 

a licensed veterinarian to the feed mill preparing the medicated feed (Policy on Extra-Label 

Drug Use (ELDU) in Food Producing Animals, 2008). At the processing stage, all drug use 

including extra-label drug use must be documented on flock sheets and presented to the CFIA 

inspector (Regulatory Requirement, 2019). Additionally, according to the Food Animal 

Information Document for Poultry Guidance (referenced under the Safe Food for Canadians Act, 

2020), the flock sheet must include a withdrawal time and accompanying documentation from a 

competent authority recommending the withdrawal time, including CgFARAD™ or the 

Canadian Poultry Association reference table. Without appropriate documentation, the CFIA can 

hold back the flock for further inspection, including drug residue testing, or possibly condemn 

the flock (CgFARAD - Canadian Global Food Animal Residue Avoidance Databank, n.d.). 

 

The CgFARADTM 

Canada is a part of a global food animal drug residue avoidance databank program 

(gFARAD) that aims to proactively reduce residue risks associated with drug residues 

(CgFARAD - Canadian Global Food Animal Residue Avoidance Databank, n.d.). The Canadian 

gFARAD (CgFARADTM) is a university-based voluntary veterinary clinical pharmacology 

service that provides expertise to veterinarians on necessary modifications to drug withdrawal 

periods when drugs are used extra-labelly in food-producing animals in Canada (CgFARAD - 
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Canadian Global Food Animal Residue Avoidance Databank, n.d.). The CgFARADTM is based 

out of the Western College of Veterinary Medicine at the University of Saskatchewan 

(Saskatoon, SK) and out of the Ontario Veterinary College at the University of Guelph (Guelph, 

ON). 

The CgFARAD™ receives over 2300 requests a year from licensed Canadian 

veterinarians with 65% of requests involving extra-label drug use in poultry (Dr. Saad Enouri, 

Staff Veterinarian, CgFARADTM: personal communication). Approximately 75% of poultry 

requests received by CgFARAD™ involve the use of drugs in combination in feed that is 

considered extra-label, and require modifications to the withdrawal periods to mitigate food 

safety risks (Dr. Saad Enouri, Staff Veterinarian, CgFARADTM: personal communication). 

Review of historical requests to CgFARAD™ from 2013 to 2016, at the time of the writing of 

the grant which has funded the experiments conducted in this thesis work, revealed 

approximately 350 requests for extra-label drug combinations administered in feed to turkeys 

(Dr. Saad Enouri, Staff Veterinarian, CgFARADTM: personal communication). These include the 

following drug combinations: fenbendazole + monensin (125 requests), tylosin + monensin (27 

requests), and fenbendazole + lasalocid (25 requests) (Dr. Saad Enouri, Staff Veterinarian, 

CgFARADTM: personal communication). 

 

Pharmacokinetics 

Metabolism 

The liver has many functions, including hormone synthesis, glycogen storage, and metabolic 

homeostasis (Akram et al., 2010). Most notably, the liver is the primary site of xenobiotic 

metabolism and functions to break down xenobiotics, which includes drugs and other exogenous 
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compounds (McDonnell & Dang, 2013). In general, metabolism or biotransformation is achieved 

by two phases of enzymatic reactions that inactivate the parent drug compound and increase its 

hydrophilicity (Lynch & Price, 2007). However, in some cases the drug metabolite is more 

active than the parent compound; these compounds are referred to as prodrugs (McDonnell & 

Dang, 2013). The two phases of biochemical transformation in drug metabolism are denoted as 

Phase I reactions and Phase II reactions (McDonnell & Dang, 2013). Phase I and Phase II 

reactions are not always sequential nor mutually exclusive; a drug may undergo metabolism 

through Phase I or Phase II, or both (Porter & Coon, 1991). Phase I reactions involve the 

formation, modification, or cleavage of functional group(s) on the parent drug compound to 

increase its polarity (Porter & Coon, 1991). The most common Phase I reaction is 

oxidation/reduction, but others include hydrolysis, monooxygenation, and 

hydrogenation/dehydrogenation (Skett, 1986). Phase I reactions are primarily mediated by 

cytochrome P450 (CYP) enzymes (Skett, 1986). The intermediate compounds produced by 

Phase I metabolism are further modified by Phase II reactions to be more hydrophilic for 

elimination from the body (Jancova et al., 2010). Phase II reactions are commonly referred to as 

conjugation reactions because of their function in conjugating the intermediate drug compound 

with endogenous substances (i.e. glucuronic acid, sulfate, glutathione, methyl or acetyl groups) 

(Jancova et al., 2010). The primary Phase II reactions and related enzyme groups are as follows: 

glucuronidation (UDP- glucuronosyltransferases), sulfation (sulfotransferases), glutathione 

conjugation (glutathione S-transferases), acetylation (N-acetyltransferases), and methylation 

(methyltransferases) (Nelson, 2009). 
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CYP Enzymes 

CYP enzymes are part of a hemeprotein superfamily that play a key role in Phase I drug 

metabolism (McDonnell & Dang, 2013). Eastabrook, Cooper, and Rosenthal (1963) were the 

first to describe the role of CYP enzymes in drug metabolism and steroid hormone synthesis. A 

few years later, Cooper et al. (1965) further elucidated the catalyst-role of CYP enzymes in 

hydroxylation reactions in drug metabolism. Since then, thousands of CYP enzymes have been 

identified and described in the literature (McDonnell & Dang, 2013).  

CYP enzymes are primarily located in the liver but can be found in cells all over the body, 

including the lungs and intestinal mucosa (Nebert & Russell, 2002). Intracellularly, CYP 

enzymes are bound to the membrane of the endoplasmic reticulum, mitochondria, and plasma 

membrane (Porter & Coon, 1991). CYP enzymes function to modify the parent drug compound 

through the formation, modification, or cleavage of functional groups (Zanger & Schwab, 2013). 

CYP enzymes are responsible for the Phase I metabolism of 70%-80% of all xenobiotics, 

including drugs (McDonnell & Dang, 2013). 

CYP enzymes are differentiated by three levels of classification: family (labeled with 

numbers, i.e. CYP1), subfamily (labeled with letters, i.e. CYP1A), and isoform (labeled with 

numbers, i.e. CYP1A1) (Nebert & Russell, 2002). Enzymes in CYP families 1-3 are the primary 

isoforms responsible for drug metabolism, while enzymes of higher family numbers are involved 

in the metabolism of endogenous compounds and gene regulation (Watanabe et al., 2013). 

Based on review of key CYP enzymes in humans and chicken and phylogenetic 

relationships, the key CYP enzymes in turkeys are thought to be CYP1A4, CYP1A5 CYP2C23, 

CYP2C45, and CYP3A37 (Watanabe et al., 2013). Many of these CYP isoforms are orthologous 

to mammalian CYP enzymes (Watanabe et al., 2013). The turkey CYP isoform and 
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corresponding orthologous mammalian isoform are as follows: turkey CYP1A4/5 and 

mammalian CYP1A1/2, turkey CYP2C23 and mammalian CYP2C62P, and turkey CYP2C45 

and mammalian CYP2C8/9 (Watanabe et al., 2013). Turkey CYP3A37 has no direct relation to 

mammalian CYP3A genes (Watanabe et al., 2013). CYP mRNA expression in turkeys is 

correlated with the protein levels and functional activity of specific enzymes (Snyder et al., 

2012). 

Drug Clearance 

Drug clearance is defined as the “volume of blood (plasma or serum) cleared of drug per 

unit time” (Shargel et al., 2012). Systemic clearance is the sum of all organ-specific clearances, 

whereas intrinsic hepatic clearance refers to the ability of hepatocytes to remove the drug in 

absence of blood flow restrictions (Shargel et al., 2012). In vitro systems, such as microsomes 

and hepatocyte cultures, can be used to model intrinsic hepatic clearance (Lancett et al., 2018). 

Clearance considers both the biotransformation reactions in Phase I and Phase II drug 

metabolism and transport-mediated functions (i.e. hepatocyte uptake, intracellular transport, and 

efflux) (Petzinger & Geyer, 2006). Petzinger and Geyer (2006) argue that transporter-mediated 

functions correspond to the following ‘phases’ in the generally-accepted integrated enzyme and 

transporter drug metabolism concept: carrier-mediated uptake (Phase 0), transcellular transport 

of the metabolite through the cytosol (Phase III), and efflux across the cell membrane (Phase 

IV). Since each phase is vulnerable to drug-drug interactions, it is important to capture the 

complete process (Petzinger & Geyer, 2006). Clearance is the proportionality constant that can 

be used to calculate the rate of drug elimination at a specific drug concentration (Petzinger & 

Geyer, 2006). While elimination is dose-dependent, clearance is not (Shargel et al., 2012). 



15 
 

Therefore, drug clearance models reflect the system capacity and depict a wider range of in vivo 

processes that impact elimination (Petzinger & Geyer, 2006). 

 

Drug Interactions 

Drug interactions can occur when the effects of a drug are altered by the presence of another 

substance, such as another drug (drug-drug interaction) or nutrient (drug-diet interaction), an 

environmental factor (drug-environment interaction), or the pathophysiological characteristics of 

a disease (drug-disease interaction) (Cascorbi, 2012). Drug-drug interactions are frequently the 

cause of adverse drug reactions and are highly linked to polypharmacy (Cascorbi, 2012). Drug-

drug interactions can be classified as pharmacokinetic or pharmacodynamic based on the 

underlying mechanism of action; pharmacokinetic interactions involve altered absorption, 

distribution, metabolism, and/or excretion, and pharmacodynamic interactions involve altered 

therapeutic action through additive or opposing effects (Snyder et al., 2012). Overall, 

pharmacokinetic drug-drug interactions alter the systemic drug concentration, whereas 

pharmacodynamic drug-drug interactions alter the therapeutic effects (Li et al., 1997).  

 

Drug-drug interactions 

Although drug-drug interactions can occur at any point in the pharmacokinetic process the 

most common drug-drug interactions result from the metabolism of one drug being altered by the 

presence of another drug at the level of the hepatocyte (Nelson, 2009). Transporters can be 

implicated in these interactions for carrier-mediated drugs that may become induced or saturated 

by co-administered drugs, for example (Petzinger & Geyer, 2006). 
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Additionally, CYP enzymes are prone to interactions when co-administered drugs share a 

common pathway (Lynch & Price, 2007). The overall impact of this type of drug-drug 

interaction is an altered rate of drug metabolism via CYP induction or inhibition (Lin & Lu, 

2012).  

CYP inhibition occurs at the enzyme level and can be classified by the type of inhibitory 

effect including reversible, quasi-irreversible, or irreversible inhibition (Lin & Lu, 2012). 

Reversible inhibition is a result of direct competition at the binding site, whereas quasi-

irreversible and irreversible inhibition require at least one CYP catalytic cycle and result in the 

formation of a stable drug-enzyme complex (Horn & Hansten, 2016). The inhibitor can be the 

parent drug compound or one of its metabolites (Horn & Hansten, 2016). Inhibition is observed 

rapidly, and the effects can be significant (Horn & Hansten, 2016). The decreased rate of drug 

metabolism caused by CYP enzyme inhibition results in an increase in circulating drug 

concentration, which can cause drug toxicities (Katzenmaier et al., 2011). Violative drug 

residues are an additional concern associated with CYP inhibition in food-producing animals as a 

result of the decreased drug metabolism. The time required for the inhibition to abate ranges 

from the half-life of the inhibitor for reversible inhibition, to the time required for new enzyme 

formation for irreversible inhibition (Tompkins & Wallace, 2007). Thus, the rate of metabolism 

is altered but not the extent. The rate of drug elimination can be impacted by the altered rate of 

metabolism and result in the current withdrawal period being inadequate.  

 In general, drugs that act as CYP inducers exert their effects by activating key 

transcription factors that increase CYP expression (Tompkins & Wallace, 2007). The 

transcription factors involved are often specific to the CYP isoform and have been extensively 

studied in human models (Tompkins & Wallace, 2007). Although ligand activation of 
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transcription factors is the most common mechanism of induction, additional post-transcriptional 

mechanisms exist, including translation stabilization or inhibition of protein degradation 

(Tompkins & Wallace, 2007; Watanabe et al., 2013). CYP induction is highly conserved across 

species, including rats and chickens (Li et al., 1997). An increase in the expression of CYP 

enzymes increases the metabolic ability for the induced isoform (Lynch & Price, 2007). 

Therefore, CYP induction can result in decreased circulating drug concentration, which may be 

subtherapeutic and ineffective at treating or controlling the intending disease (Anadón & Reeve-

Johnson, 1999; Short et al., 1988). 

 

Drug Combinations of Interest 

Data from the CgFARADTM database was extensively searched for requests concerning 

extra-label drug combinations administered in feed to turkeys. The requests were ranked to 

determine the top five drug combinations of interest in turkeys. The ranking was based on: i) 

known extent of metabolism and potential for metabolic drug-drug interactions (Kevin et al., 

2009) ii) number of positive violative residues reported to the NCRMP between 2012 and 2014 

(NCRMP, 2014; NCRMP, 2015) and iii) total requests to CgFARAD™ for the drug combination 

in turkeys (Dr. Saad Enouri, Staff Veterinarian, CgFARADTM: personal communication). As a 

result, the most requested drug combinations were: fenbendazole + monensin, tylosin + 

monensin, and fenbendazole + lasalocid.  

Monensin and lasalocid are polyether ionophoric antimicrobials with antibacterial, 

antiviral, and antiparasitic activity (Kevin et al., 2009). The ionophores are a class of antibiotics 

that are characterized by their ability to increase cellular membrane permeability by facilitating 

ion transfer across the membrane (Lowicki & Huczynski, 2013). Monensin is a sodium and 
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proton selective ionophore, while lasalocid is a carboxylic ionophore (Lasalocid Sodium (LAS), 

2018; Monensin (MOS), 2019). The ionophores class, including monensin and lasalocid, had the 

highest recorded number of positive residues from the 2012-2013 and 2013-2014 NCRMP 

annual reports (NCRMP, 2014; NCRMP 2015). Monensin and lasalocid are commonly added to 

poultry feed to prevent coccidiosis caused by Eimeria adenoeides, E. meleagrimitis, and E. 

gallapavonis (Tewari & Maharana, 2011). Coccidiosis, a potentially deadly intestinal parasite 

infection, is considered “the most important protozoan disease affecting the poultry industry 

worldwide” (Anadón & Reeve-Johnson, 1999).  

Tylosin is a macrolide antibacterial agent (Anadón & Reeve-Johnson, 1999). It contains a 16-

membered lactone ring that is common to many drugs in the macrolide class (Anadón & Reeve-

Johnson, 1999). Erythromycin, another common macrolide, is known to inhibit CYP isoforms in 

veterinary species, but is not approved for use in veterinary species in North America (Hargis, 

2014; Tylosin (TYL), 2019). There is no current data to suggest tylosin results in CYP inhibition 

in turkeys, however, studies have not been conducted in poultry. In Canada, tylosin is indicated 

to control Clostridium perfringens infections, which can result in necrotic enteritis (van 

Immerseel et al., 2004). Necrotic enteritis is an acute enterotoxemia that is considered one of the 

most financially devastating diseases in broiler chicken flocks (van Immerseel et al., 2004). C. 

perfringens spores are also a human food safety concern as C. perfringens is one of the most 

frequently isolated causes of human foodborne disease (1993). In addition, tylosin is indicated in 

solution for the control and treatment of Mycoplasma gallisepticum: a bacteria-like 

microorganism that is often responsible for infectious sinusitis and chronic respiratory disease in 

poultry (Tylan® Soluble, n.d.). 
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Fenbendazole is a broad spectrum benzimidazole anthelmintic that is used to treat 

nematode and cestode infections in poultry, including Heterakis gallinarum, and Ascaridia 

dissimilis infections in poultry (Poultry | Merck Animal Health USA, n.d.). Yazwinisri et al. 

(1993) noted that helminth infections are common in commercial poultry and can negatively 

impact turkey performance and thus, profitability for producers. For example, H. gallinarum is 

an important vector for Histomonas meleagridis, a parasitic protozoan that causes histomoniasis, 

or blackhead disease (Blackhead Disease in Poultry | FDA, n.d.). Despite infecting a wide range 

of birds, histomoniasis has been shown to be more deadly in turkeys (Blackhead Disease in 

Poultry | FDA, n.d.). There are no approved treatments for histomoniasis, therefore, prevention is 

critical (Short et al., 1988). In Canada, fenbendazole is approved for use in multiple forms, 

including as an oral suspension in water for chickens and swine (Panacur, 2019). In food-

producing animals, fenbendazole is approved in complete feed in cattle, swine and recently 

turkeys in Canada (Yazwinski & Tucker, 2001).  Pharmacokinetic studies show that 

fenbendazole is extensively metabolized in the liver in poultry (Baliharová et al., 2004; Murray 

et al., 1992; Wu et al., 2013). Fenbendazole is known to both induce and inhibit the activity of 

many CYP enzymes in various species, including rats (Murray et al., 1992). The inhibitory 

effects are a result of the ability of fenbendazole’s active metabolites to inhibit its metabolism 

and elimination which may potentiate the anthelmintic activity of fenbendazole (Baliharová et 

al., 2004; Gleizes-Escala et al., 1996). CYP enzyme induction following fenbendazole treatment 

was reported in both rabbits and swine (Zhang et al., 2012). In addition, fenbendazole is 

frequently associated in combinations with monensin, an ionophore, which has the highest 

number of violative residues (NCRMP, 2014; NCRMP 2015). 
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In vitro models 

Assessment of food safety risks from violative drug residues when drugs are used in 

combination in food-producing animals poses many challenges, including financial and logistical 

hurdles. For example, traditional approaches using pharmacokinetic studies or drug depletion 

studies in live animals can be both time-consuming and costly, particularly if numerous drug 

combinations require evaluation. Several in vitro models have been developed as high-

throughput alternatives to study drug metabolism and drug-drug interactions, and mitigate the 

challenges associated with in vivo studies. Common in vitro models include subcellular fractions 

(S9 and microsomes), hepatocyte suspensions, and primary hepatocyte cultures (Zhang et al., 

2012).  

Subcellular Fractions  

Subcellular fractions, including the S9 and microsomal fractions, can be isolated from drug 

metabolizing tissues, such as the liver (Zhang et al., 2012). They are highly favoured in drug 

discovery due to their many advantages, including high-throughput capability and limited test 

compound required (Zhang et al., 2012). The S9 fraction is arguably the simplest subcellular 

system and contains drug metabolizing enzymes in both the cytosol and the microsomes, 

including Phase I CYP enzymes and some Phase II conjugation enzymes (Zhang et al., 2012). 

Therefore, the S9 fraction represents a nearly complete drug metabolizing system and is easily 

isolated from the supernatant after centrifugation at 9000 g of tissue homogenates (Richardson et 

al., 2016). However, the large quantities of concentrated enzymes can dilute the activity of the 

enzymes of interest (Richardson et al., 2016). Since the microsomal fraction contains the 

membrane-bound CYP enzymes and the primary Phase II conjugation enzymes, UDP- 

glucuronosyltransferases (UGTs), microsomes can be used to mitigate the enzyme dilution 
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associated with the S9 fraction (Zhang et al., 2012). CYP and UGT mediated metabolism is 

responsible for the metabolism of 95% of drugs (Richardson et al., 2016). In addition, 

microsomes are widely used for drug-drug interaction prediction in drug development for 

inhibition studies (Ding et al., 2016). S9 and microsomal fractions can withstand multiple freeze-

thaw cycles, making them convenient to store and less labor-intensive (Richardson et al., 2016). 

However, unlike whole cell systems, subcellular fractions require the addition of exogenous 

factors for activity such as, NADPH (Phase I) and glutathione (Phase II), which limits the 

duration of their experimental use (Richardson et al., 2016). Furthermore, subcellular fractions 

are unable to capture hepatocyte transporter-mediated function; thus, they are unable to 

accurately depict intrinsic drug clearance (Kern et al., 1997). 

Whole cell systems  

Hepatocytes are the functional parenchymal cells that contain membrane-bound CYP 

enzymes as well as phase II enzymes present in the cytoplasm (Kern et al., 1997). Cultured 

hepatocytes contain enzymes and cofactors in concentrations that closely mimic in vivo 

conditions, making them the most well-suited system for drug metabolism studies (Zhang et al., 

2012). Unlike subcellular fractions, whole cell hepatocyte cultures retain full Phase I and Phase 

II metabolism capability, thus, providing a more accurate representation of drug metabolism in 

vivo (Zhang et al., 2012). Hepatocytes in culture also maintain key drug uptake and efflux 

transporters, including organic anion transporting polypeptides (OATP), in the cell membrane; 

thus, providing a more accurate depiction of drug clearance (Zhang et al., 2012). The 

combination of drug metabolizing enzyme presence and activity, cofactors, transporters, and 

duration of use provide a fairly complete drug clearance system, making them amenable to drug-
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drug interaction models (Miranda et al., 2009). Whole cell hepatocyte systems are superior for 

drug-drug interaction studies compared to other in vitro systems (Hewitt et al., 2007).  

However, limitations to whole cell systems include the limited availability of fresh liver 

samples, the lack of process automation, and the cost associated with isolation and culture 

(Zhang et al., 2012). Commercially available cyropreserved hepatocytes can be purchased for 

studies involving drug metabolism in humans and human models (i.e. rats), but a recent search 

for cryopreserved turkey hepatocytes was unsuccessful. Thus, there is an inherent need for 

primary hepatocyte isolation when studying drug metabolism in turkeys, which is both time-

consuming and costly.  

Common whole cell systems include hepatocyte suspensions in tissue culture media, 

monolayer cultures, and 3D-sandwich cultures in a gel matrix (Zhang et al., 2012). Each 

category of whole cell system offers specific advantages, mainly increased duration of use 

(Shulman & Nahmias, 2013; Zhang et al., 2012). Suspension cultures are typically limited to 4 

hours, whereas monolayer and sandwich cultures can be used for 7-10 days and 4-6 weeks, 

respectively (Hewitt et al., 2007; Zhang et al., 2012).  

Primary monolayer hepatocyte cultures 

Primary monolayer hepatocyte cultures have been used successfully for development of 

in vitro models to depict drug metabolism and drug-drug interactions in various species, 

including rats, pigs, and humans (Hewitt et al., 2007). Additionally, the retained functionality of 

monolayer cultures renders the duration of their use for experiments, such as CYP induction 

studies, longer than suspension cultures and subcellular fractions (Hewitt et al., 2007). 

Monolayer hepatocyte cultures are also superior to other models for enzyme inhibition and are 
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considered the gold standard for induction studies fractions (Lu & Li, 2001; Zhang et al., 2012; 

Zhao et al., 2005). 

There are several published methods on isolation and culture of chicken hepatocytes, and 

other types of domestic fowl, but there is limited information on the culture and functional 

characterization of turkey hepatocytes (Fraslin et al., 1992; Fujii et al., 1996). Furthermore, there 

is little information available evaluating in vitro drug metabolism or drug interactions in poultry. 

Rationale 

 Canadian veterinarians regularly prescribe veterinary drugs in combination for use in 

poultry feed. Many of these drug combinations are not addressed as “compatible” on the CMIB 

list, thus constituting extra-label drug use as their compatibility is currently unknown. The CMIB 

list provides regulatory guidance on approved combinations of veterinary drugs that are not 

considered extra label drug use and do not require modifications to the withdrawal times 

(Compendium of Medicating Ingredient Brochures, 2019). Appropriate withdrawal times are 

critical for both efficiency of production for the agriculture industry and preventing human 

consumption of violative drug residues in animal products. Extra-label drug combinations pose a 

risk for violative drug residues from possible drug-drug interactions that can alter drug 

metabolism and clearance, thus threatening human food safety. Despite ongoing regulatory 

surveillance programs aimed at safeguarding the human food chain, such as the NCRMP, there 

are still gaps as a result of testing limitations, including the randomized approach to sample 

collection. Thus, the incidence of flocks that test positive for drug residues may not be 

representative of the true prevalence of violative drug residues in the Canadian commercial 

turkey population. Additionally, the positive residue data for combination versus individual drug 

therapy in poultry is not available for review (Dr. Joe Boison, Senior Research Scientist, Centre 
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for Veterinary Drug Residues-CFIA: personal communication). It is therefore prudent to be able 

to screen common and numerous extra-label drug combinations administered in feed to poultry 

for drug-drug interactions using efficient and cost-effective methods.  

Currently, the VDD is collaborating with pharmaceutical companies to update the CMIB list 

and include a wider range of compatible drug combinations. While this may be beneficial, it will 

take several years to complete and there will be new drug combinations requested by 

veterinarians concurrently. Additionally, the drug combinations that are updated may not be 

reflective of the common requests that CgFARAD™ receives from licenced Canadian 

veterinarians. CgFARAD™ receives the requests firsthand and arguably has the most accurate 

knowledge of what information is missing in the current list. 

 Data provided by the CgFARADTM and the CFIA have identified the top priority extra-

label drug combinations in turkey feed as: fenbendazole + monensin, tylosin + monensin, 

fenbendazole + lasalocid.  Monensin and lasalocid belong to the ionophore class of antibiotics, 

which has the highest number of positive violative residues based on NCRMP reports (NCRMP, 

2014; NCRMP, 2015). Fenbendazole and tylosin are frequently prescribed in combination with 

the ionophores (Dr. Saad Enouri, Staff Veterinarian, CgFARADTM: personal communication). In 

addition, fenbendazole has been found to alter CYP enzyme activity through inhibition or 

induction in various species, including rats and pigs (Baliharová et al., 2004). Current data on 

drug metabolism in poultry, especially turkeys, is limited. The lack of information on the 

metabolism of these commonly used drug combinations in turkeys represents a critical 

knowledge gap that could impact food safety and animal welfare. 

NOTE: Fenbendazole + monensin was selected as the first drug combination for investigation, 

which was completed. All non-essential research at the University of Guelph was stopped in 
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March 2020 due to the COVID-19 pandemic, which prevented further progress on additional 

drug combinations of interest.   

I therefore hypothesize that in vitro combinations of fenbendazole and monensin result in 

drug-drug interactions that alter drug clearance in turkey hepatocytes in primary culture. To 

explore this hypothesis, I had the following objectives 

Objective 1: Isolate, establish and validate turkey hepatocytes cultured as a primary monolayer 

for the evaluation of drug-drug interactions with key drugs of interest in poultry. 

 Hepatocytes from young adult male turkeys will be isolated and cultured in monolayer. 

The production of albumin will be measured over five consecutive days to establish an optimal 

duration of use for the hepatocyte cultures. RT-qPCR will be used to evaluate the constitutive 

expression of CYP enzymes of interest (CYP1A4, CYP1A5, CYP2C23, CYP2C45, CYP3A37). 

RT-qPCR will be used to assess CYP activity and measure the expression fold change following 

hepatocyte treatment with known inducers: phenobarbital, rifampicin, and 3-methylcholanthrene.  

Objective 2: Conduct in vitro drug depletion experiments for drug combinations of interest 

using the validated primary turkey hepatocyte culture system. 

 Hepatocyte cultures will be treated with the fenbendazole and monensin, alone and in 

combination, and media samples will be collected at predetermined time points: 0, 0.5, 1, 2, 4, 24 

hours after treatment, in quadruplicate. The samples will be analyzed for the parent drug 

concentrations using validated HLPC-MS/MS assays. Statistical analysis will be done to 

compare differences in drug concentrations in media collected from cultured turkey hepatocytes 

across time points when the drug is used alone versus the drug used in combination. 
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Introduction 

The liver has many functions, including protein synthesis, glycogen storage, and 

metabolic homeostasis (Shulman & Nahmias, 2013). Most notably, it is the primary site of drug 

metabolism and functions to detoxify the blood (Akram et al., 2010). This is achieved by 

enzymatic reactions that modify drug compounds to be more water-soluble for excretion 

(McDonnell & Dang, 2013). Drug metabolism consists of biochemical transformations that 

involve Phase I reactions, Phase II reactions, or both (McDonnell & Dang, 2013). Of the major 

cell types in the liver, hepatocytes are the most abundant; accounting for ~70% of the total liver 

cell population in humans (Ding et al., 2016). Hepatocytes are the functional parenchymal cells 

that contain Phase I and Phase II drug-metabolizing enzymes; including cytochrome P450 (CYP) 

enzymes, which are responsible for catalyzing Phase I reactions (Ding et al., 2016). In addition, 

hepatocytes contain key transporters that are involved in mediating the metabolism process for 

drugs that are unable to passively diffuse across the cell membrane (Petzinger & Geyer, 2006). 

CYP enzymes are part of a hemeprotein superfamily that are differentiated by three levels 

of classification: family (labeled with numbers, i.e. CYP1), subfamily (labeled with letters, i.e. 

CYP1A), and isoform (labeled with numbers, i.e. CYP1A1) (McDonnell & Dang, 2013). 

Although drug interactions can occur at any point in drug metabolism, CYP enzymes are 

particularly vulnerable when co-administered drugs share a common metabolic pathway (Nelson, 

2009). In general, this can result in altered drug metabolism through CYP induction or inhibition 

by another co-administered drug (Martignoni, 2006). For food-producing animals such as 

turkeys, CYP induction that increases drug metabolism can result in sub-therapeutic drug levels 

and increased morbidity or mortality. On the other hand, CYP inhibition that decreases drug 

metabolism, and increases systemic drug levels, enhances the risk for violative drug residues 
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entering the human food chain. Transporters (i.e. uptake or efflux) can also be prone to drug-

drug interactions via induction or inhibition (Petzinger & Geyer, 2006). Understanding which 

drug combinations used by veterinarians may result in drug interactions, and the underlying 

mechanisms behind the interactions, is important for mitigating these potential adverse 

outcomes. Several in vitro models, including subcellular fractions (microsomes and S9), 

hepatocyte suspensions, and hepatocyte cultures, have been developed to study such drug 

metabolism and drug interactions (Zhang et al., 2012). 

Primary hepatocyte monolayer cultures have been used successfully for the development of 

models to investigate drug metabolism and drug-drug interactions in various species, including 

rats, pigs, and humans (Lu & Li, 2001). They are considered one of the most well-suited in vitro 

systems for drug metabolism studies because of the many key liver functions and features that 

are conserved in the intact isolated cells (Kern et al., 1997). Monolayer hepatocyte cultures retain 

physiological concentrations of drug metabolizing enzymes and co-factors that closely mimic in 

vivo conditions (Zhang et al., 2012). In addition, the production of liver-specific proteins and the 

response to enzyme inhibition and induction are maintained (Miranda et al., 2009). Response to 

enzyme induction is unique to whole cell systems, as subcellular fractions are capable of 

demonstrating enzyme inhibition but not induction as there is no capacity for increased gene 

expression (Zhang et al., 2012). Unlike subcellular fractions, whole cell hepatocyte cultures 

retain both Phase I and Phase II metabolism capability and transporter function thus, providing a 

more accurate representation of drug metabolism in vivo (Kern et al., 1997). Additionally, the 

retained functionality of monolayer cultures renders the duration of their use for experiments, 

such as CYP induction studies, longer than suspension cultures and subcellular fractions (Hewitt 

et al., 2007).  
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There are many published methods on isolation and culture of chicken hepatocytes, and other 

types of domestic fowl, but there is limited information on the culture and functional 

characterization of turkey hepatocytes. Furthermore, there is little information available 

evaluating in vitro drug metabolism or drug interactions in poultry (Mátis et al., 2016). The lack 

of understanding of drug metabolism and drug-drug interactions arising from co-administered 

drugs in food-producing animals represents a critical gap in knowledge.  

The objective of this series of experiments was to isolate, establish and validate the 

functionality of turkey primary hepatocytes cultured in monolayer for future use as a model to 

study drug-drug interactions using key drugs of interest to the poultry industry in Canada.  The 

functional activity was determined by i) monitoring the production of albumin by cultured 

hepatocytes using ELISA methods and ii) measuring the expression and activity of critical CYP 

enzymes using RT-qPCR. 

 

Materials and methods 
 

Isolation of primary turkey hepatocytes for culture 

 

Animals 

Healthy adult male turkeys were provided weekly for study by a local reputable 

commercial poultry farm (LEL Farms Limited, Guelph, ON). Turkeys used for study were young 

adults, ranging from 6 to 16 weeks old. All procedures were compliant with the Animal 

Utilization Protocol (AUP#3631) issued in accordance with the Canadian Council on Animal 

Care and approved by the Animal Care Committee of the University of Guelph. 
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Liver perfusion 

Turkeys were placed under general anesthesia by an intravenous injection of 30 mg/kg 

pentobarbital (Euthansol 340mg/mL, Merck Animal Health, Kirkland, QC) using the caudal 

tibial vein. Heparin (10,000 U/mL, OVC Pharmacy), administered at 1750 U/kg, was mixed with 

the pentobarbital prior to injection, to prevent clotting. Following induction of general 

anesthesia, feathers were manually removed from the thoracic and abdominal regions, and the 

skin was swabbed using 70% ethanol. Skin and underlying tissues below the sternum were 

dissected using curved surgical scissors, and the abdominal cavity opened and the intestines 

reflected to expose the liver and associated intestinal vessels. The pancreaticoduodenal vein, 

which carries blood directly to the liver from the small intestine, was isolated and cannulated 

with sterile polyethylene tubing (I.D. 0.034”, O.D. 0.050”, Intramedic™, Thermo Fisher 

Scientific, Mississauga, ON). A ligature was tied around the cannulated vein, using 3-0 silk 

suture (Havel’s Inc., Cincinnati, OH), to secure the tubing in place. The cannula tubing was 

connected to a peristaltic pump (Gilson Minipuls 3, Middleton, WI) via additional tubing 

(Tygon™, Thermo Fisher Scientific, Mississauga, ON). The ileocecal vein was clamped below 

the cannula site with hemostaticforceps to prevent backflow of perfusate into the duodenum.  In 

order to facilitate exsanguination and prevent fluid overload in the systemic circulation, an 

incision was made in the superior vena cava before the liver was perfused with pre-warmed 

blanching solution (see Appendix I) for 10 minutes at a flow rate of 10-12 mL/minute. Once 

sufficient blanching of the liver was observed, the perfusate was switched to pre-warmed 

collagenase media (see Appendix I) and perfused for 15-18 minutes at a flow rate of 9-10 

mL/minute to facilitate dissociation of hepatocytes for collection. The liver was then excised and 

placed in a sterile 50 mL beaker containing attachment media containing 1% penicillin-
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streptomycin (see Appendix I) maintained at room temperature and transferred to the biosafety 

cabinet for hepatocyte isolation and culture.  

Primary hepatocyte culture 

The excised liver was removed from the 50 mL beaker and placed into a clean 150 mm x 

15 mm petri dish with attachment media containing penicillin and streptomycin (penicillin 

10,000 IU/mL,  streptomycin 10,000 µg/mL; VWR, Mississauga, ON) at 1% of media based on 

a volume per volume basis. The concentration of penicillin-streptomycin at 1% of media volume 

was based on standard ATCC guidelines for animal cell culture (ATCC®, 2012). The well-

perfused areas of the liver were visually identified and carefully dissected away from the 

undigested liver tissue. The undigested tissue was discarded, and the dissected areas were rinsed 

twice with attachment media, and then placed into a clean petri dish with ~30 mL fresh 

attachment media. The liver capsule was scored with scissors and peeled back with curved 

forceps. A cell scraper was used to gently agitate the liver parenchyma and release the 

hepatocytes into the attachment media. The hepatocyte suspension was filtered through a sterile 

nylon mesh strainer (100µm) into a 50 mL conical tube (Thermo Fisher Scientific, Mississauga, 

ON). The suspension was centrifuged for 2 minutes at 47 g at 4º C in a Sorvall ST R16 

centrifuge (Thermo Fisher Scientific, Mississauga, ON). The supernatant was aspirated using a 

glass Pasteur pipette and the remaining cell pellet was re-suspended in fresh attachment media. 

The wash cycle was repeated 3 times, and then a 20 µL aliquot of the suspension was taken to 

assess cell yield and viability.  

Hepatocyte yield and viability was measured by trypan blue exclusion using a Countess 

II FL Automated Cell Counter (Thermo Fisher Scientific, Mississauga, ON). In order to qualify 
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for study, cell viability  70% was required (Li et al., 1997). Following successful perfusion and 

cell isolation, hepatocytes were plated in attachment media at a seeding density of 0.5x106 

cells/mL for all experiments. Plated hepatocytes were allowed to attach by overnight incubation 

in a HeraCELL 150i CO2 incubator (Thermo Fisher Scientific, Mississauga, ON) maintained at 

37°C and 5% CO2. The following day, attachment media was aspirated and replaced with pre-

warmed serum-free media without penicillin-streptomycin (see Appendix I). All subsequent 

experiments were carried out in serum-free media without penicillin-streptomycin. 

Validation of primary turkey hepatocytes cultured in monolayer: hepatocyte function  

 

Albumin Assay 

 An ImmunotagTM Turkey ALB (Albumin) ELISA kit (G-Biosciences, St. Louis, MO) 

was used to measure albumin concentration in serum-free tissue culture media of cultured 

primary hepatocytes obtained from two turkeys. Hepatocytes were plated at a density of 0.5x106 

cells/mL x 4.4 mL/dish on 60 mm x 15 mm tissue culture-treated dishes and incubated at 37°C 

and 5% CO2. Four dishes were plated for each turkey. The entire media was collected from each 

plate and replenished daily with fresh serum-free media for five consecutive days, and frozen at -

80°C until analysis.  

The albumin assay was performed per the manufacturer’s instructions using an ELx405 

Auto Microplate Washer (Biotek, Winooski, VA). Albumin standard solution provided by the 

manufacturer was plated as a serial dilution 6.25 ng/mL-400 ng/mL, in duplicate. Briefly, 100 

µL test samples were loaded onto the ELISA microplate, in duplicate, and incubated at 37°C for 

90 minutes.  Subsequently, the plate was washed twice, and 100 µL biotin-labeled antibody 

working solution was added to each well. The plate was then incubated at 37°C for 60 minutes 
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followed by three wash cycles. Following this step, 100 µL HRP-Streptavidin conjugate was 

added to each well and the microplate was again incubated at 37° C for 30 minutes. The plate 

was then washed 5 times, with a 90 second soak in between cycles. Following the last wash 

cycle, 90 µL TMB substrate was added to each well and the plate was incubated in the dark at 

37° C for 15 minutes, before adding 50 µL Stop Solution. The plate was immediately placed in a 

Synergy HT Multi-Mode Microplate Reader (Biotek, Winooski, VA) and the optical density 

absorbance was measured at 450 nm. The albumin concentration in the serum samples were 

determined from a standard curve equation using Curve Expert 1.3 (Hyams Development, 

https://curveexpert.net) that was fit to the manufacturer provided reference standards (6.25 

ng/mL-400 ng/mL). The standard curve was fit to a Morgan-Mercer-Flodin (MMF) sigmoidal 

growth equation model with an R-value >0.999, and which is a four-parameter algorithm that is 

recommended for ELISA data analysis (Crowther, 2000). The sensitivity of the assay was 3.75 

ng/mL. Statistical differences between days 1 through 5 were evaluated by one-way analysis of 

variance (ANOVA) and post-hoc Tukey test in SPSS (IBM, Armonk, NY). Statistical 

significance was set at P < 0.05. 

RNA Isolation 

Constitutive expression of key cytochrome P450 enzymes (CYP1A4, CYP1A5, 

CYP2C23, CYP2C45, and CYP3A37) in cultured turkey hepatocytes was evaluated. RNA was 

isolated from three turkeys for the following RT-qPCR experiments. 

Hepatocytes were plated at a density of 0.5x106 cells/mL x 4.4 mLs/dish on 60 mm x 15 

mm tissue culture-treated dishes and incubated at 37°C and 5% CO2. The media was aspirated 

from each dish of cultured hepatocytes and the cells washed once with 1X phosphate buffered 

saline (PBS, Thermo Fisher Scientific, Mississauga, ON). The cells were scraped off the bottom 
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of each dish following the addition of 1 mL of TRIzol to create a TRIzol-hepatocyte 

homogenate. The homogenate from each dish was transferred to a 1.5 mL RNase-free Eppendorf 

tube (Thermo Fisher Scientific, Mississauga, ON) and stored at -80°C until RNA isolation. 

Collected samples were thawed on ice and 200 µL chloroform was added to precipitate 

all proteins. Individual Eppendorf sample tubes were shaken by hand for 15 seconds, incubated 

at room temperature for 2-3 minutes, and then refrigerated at 4° C for 30 minutes. Following 

these steps, the samples were centrifuged in a Sorvall Legend Micro 17R Centrifuge (Thermo 

Fisher Scientific, Mississauga, ON) at 12,000 g for 15 minutes at 4° C. Approximately 500 µL of 

the clear supernatant containing the nucleic acids was transferred to another 1.5 mL Eppendorf 

tube and an equal volume of cold isopropanol was added. The samples were inverted by hand 

and incubated at -20°C for an hour. The tubes were again shaken and then centrifuged at 12,000 

g for 15 minutes at 4°C to pellet the RNA. The supernatant was removed, and the pellet was 

washed with 500 µL of 75% ethanol and centrifuged at 12,000 g for 5-10 minutes at 4°C. The 

wash cycle was repeated twice. After the final wash cycle, the ethanol was aspirated using a 

drawn-out glass pipette, and the pellet was air dried before re-constitution in 22 µL nuclease-free 

water. A 2 µL aliquot was taken to quantify the RNA concentration and purity using a NanoDrop 

ND-1000 spectrophotometer (Thermo Fisher Scientific, Mississauga, ON). Following 

determination of RNA concentration, the RNA was aliquoted to a final concentration of 100 

ng/µL and stored at -80°C until RT-qPCR analysis. 

RT-qPCR 

 The components of the Power SYBRTM Green RNA-to-CT
TM 1-Step Kit (Thermo Fisher 

Scientific, Mississauga, ON.), including the RT enzyme mix and the Power SYBR GreenTM RT-

PCR mix, the forward and reverse primers (see Appendix II) and RNA aliquots were gently 
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thawed on ice before adding to the master reaction mixture. The master reaction mixture for each 

sample contained 0.16 µL RT enzyme mix, 10 µL Power SYBR GreenTM RT-PCR mix, 8.04 µL 

nuclease free water, 0.4 µL of both the forward and reverse primers (200nM). Each well of a 

MicroAMP Fast 96-well plate was loaded with 19 µL of the master reaction mixture and 1 µL of 

RNA, in triplicate. The plates were analyzed by a ViiATM Real-Time PCR System (Thermo 

Fisher Scientific, Mississauga, ON). 

 The initial denaturing stage of the RT-qPCR system consisted of reverse transcription at 

48°C for 30 minutes and activation of AmpliTaq Gold® DNA Polymerase at 95°C for 10 

minutes. This was followed by 40 rounds of cycling between denaturing at 95°C for 15 seconds 

and annealing/extending at 60°C for 1 minute. Specificity of amplification was verified with a 

melt curve analysis, which began with a denaturing stage at 95°C for 15 seconds, annealing at 

60°C for 15 seconds, and finished with holding at 95°C for 15 seconds. 

 Reference genes, or “housekeeping” genes, are endogenous control genes that are 

involved in basic cellular function and constitutively expressed in all cells (Panina et al., 2018). 

They are often used in quantitative gene expression analysis to normalize the data (Panina et al., 

2018). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is one of the most commonly used 

housekeeping genes that has functions in glycolysis (Barber et al., 2005). GAPDH was selected 

as the reference gene for relative quantification of expression of the CYP enzymes of interest 

(CYP1A4, CYP1A5, CYPC2C23, CYP2C45, and CYP3A37). Mean cycle threshold (CT) values 

were used to determine the relative abundance of each CYP. CT values represent the number of 

cycles required to exceed background fluorescence (Bustin, 2004). Significant relationships 

between CYP enzyme expression was evaluated using one-way ANOVA in SPSS (IBM, 

Armonk, NY). Statistical significance was set at P < 0.05. 
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Evaluation of CYP gene induction in cultured turkey hepatocytes 

 Following hepatocyte isolation and overnight attachment as previously described in the 

RNA isolation section, turkey hepatocyte monolayer cultures were treated with the following 

CYP enzyme inducers for the corresponding enzymes: 3- methylcholanthrene (CYP1A; 1µM), 

phenobarbital (CYP2C; 2µM), and rifampicin (CYP3A; 10µM), to evaluate the inducibility of 

CYP enzymes of interest. Following 24 hours of inducer treatment, the media was aspirated and 

the cells were washed with 1X PBS. One mL of TRIzol was added and the cells were scraped off 

the bottom of each plate. The TRIzol-hepatocyte homogenate was frozen at -80°C until RNA 

isolation and analysis. RNA isolation and RT-qPCR were performed as previously described. 

The relative fold-change in CYP expression between control and treatment groups was analyzed 

using the delta-delta CT method and one-way ANOVA were performed using SPSS. The 

induction experiment was repeated in three turkeys for each CYP enzyme of interest, with three 

technical replicates. Statistical significance was set at P < 0.05. 

 Evaluation of penicillin-streptomycin in cell culture media 

 Penicillin, a beta-lactam antibacterial drug, and streptomycin, an aminoglycoside 

antibacterial drug, together provide excellent antibacterial coverage against gram positive and 

gram negative bacteria and are widely used in cell culture. Due to the innate risk of 

contamination associated with the isolation and culture of primary hepatocytes without 

hepatocyte sterilization, turkey hepatocyte cultures were treated with penicillin and streptomycin 

(100 IU penicillin/mL, 100 µg/mL streptomycin; VWR, Mississauga, ON) at 1% of the 

attachment media based on a volume per volume basis. Both drugs are eliminated unchanged by 

the kidneys with little to no hepatic metabolism (Eagle & Newman, 1947; Streptomycin, 2016). 

The purpose of this experiment was to measure the concentration of penicillin-streptomycin in 
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the cell culture media of cultured turkey hepatocytes over time to confirm the lack of hepatocyte 

metabolism of these drugs, and therefore any potential confounding effects they may have on 

future drug metabolism and drug-drug interaction studies.  

 Hepatocytes from two turkeys were isolated as previously described and cultured on 6-

well tissue culture-treated plates at a density of 0.5x106 cells/mL x 2 mLs/well. Penicillin-

streptomycin mixture was added to attachment media and serum-free media (see Appendix I) to 

obtain a final concentration of 1% for each antibiotic on a volume per volume basis. After 

overnight attachment of cells, serum-free media containing 1% penicillin-streptomycin was 

added to hepatocyte cultures, and a set of blank (control) 6-well tissue culture-treated plates 

containing no hepatocytes. Blank culture plates were included to evaluate degradation of 

penicillin or streptomycin over time. Media samples were collected at 0 (baseline), and 2, 4, 6, 8, 

12, and 24 hours after addition of serum-free media containing 1% penicillin-streptomycin and 

frozen at -80°C until analysis. Three replicates at each time point were run for the first turkey, 

with six replicates for the second turkey; additionally, the first turkey did not contain a 12-hour 

time point. It was also decided that a 0-time point would not be included in the hepatocyte group. 

Samples were assayed for penicillin and streptomycin levels by the Animal Health & Food 

Safety Laboratory at the University of California, Davis School of Veterinary Medicine (Davis, 

CA, US) using validated HPLC-MS/MS methods. Statistical analyses were performed using 

SPSS. Differences in antibacterial concentrations over time within group were analyzed using 

ANOVA and post-hoc Tukey test. Differences in antibacterial concentrations between groups at 

each time point were evaluated using independent t-tests. Statistical significance was set at P < 

0.05. 
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Results 

  

Hepatocyte cultures 

Immediately after plating, hepatocytes appeared round under light microscopy (40X; EVOS 

XL Core Cell Imaging System, Thermo Fisher Scientific, Mississauga, ON). During the next 4 

hours subsequent to plating, the isolated cells began to flatten and adhere to the culture plate. 

Hepatocytes detached easily from the culture plate, and therefore required gentle handling until 

attachment was complete. After 24 hours of culture, the hepatocytes appeared cuboidal in shape 

with 1-3 nuclei per cell noted. By this time, attached cells formed a confluent monolayer and no 

evidence of hepatocytes piled on top of each other. In most cultures, there was evidence of some 

rounded up hepatocytes floating in the culture media that were presumed dead. The hepatocytes 

were monitored microscopically (40X) to confirm attachment, morphology, and confluency at 

key stages: immediately after plating (Figure 2.1 A), 4 hours after plating (Figure 2.1 B), and 

before changing to serum-free media (~18-20 hours after plating) (Figure 2.1 C). 

A) 
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B) 

 

C) 

 

Figure 2.1- Primary turkey hepatocytes cultured in monolayer under light microscopy (40X) at 

key time points: A) immediately after plating, B) 4 hours after plating, and C) before changing to 

serum-free media (~18-20 hours after plating). 
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Albumin Assay 

 The albumin concentration of each sample was determined from the standard curve and 

results graphed as the mean albumin concentrations for each day ± standard error (Figure 2.2). 

The results show that the cultured hepatocytes produced albumin over the entire five-day study 

period. The albumin concentration significantly increased daily to a peak of 294.7 ng/mL on day 

3, then significantly declined daily to 45.8 ng/mL on day 5.  

 
Figure 2.2– Albumin concentration in cultured turkey hepatocytes over time. The data is 

expressed as an average albumin concentration by day ± SE; n=8. Letters (a, b, c, d, e) denote a 

significant difference compared to day 1(a), day 2(b), day 3(c), day 4(d), and day 5(e). 

 

 Constitutive CYP expression 

Data are expressed as mean relative expression ± standard error for each CYP gene of 

interest (Figure 2.3). Relative expression was calculated as 2-ΔCT, with ΔCT representing the 
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difference between the CT for the CYP enzyme of interest and the CT for GAPDH. The results 

confirm the expression of all CYP enzymes of interest in the cultured hepatocytes.  

 
 

Figure 2.3- Mean relative expression ± SE for turkey hepatocyte CYP enzymes of interest 

normalized to GAPDH; n=3. 

 

 Induction of CYP expression 

Data are presented as the mean fold change in CYP expression ± standard deviation 

(Figure 2.4). In the phenobarbital treatment group, statistically significant induction was 

identified in CYP2C23 and CYP1A5 (Figure 2.4 A). No statistically significant induction was 

observed in the rifampicin (Figure 2.4 B) or 3-methylcholanthrene (Figure 2.4 C) treatment 

groups. 
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A) 

 

   

B) 

 

  

* 

* 
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C) 

  

Figure 2.4- Mean fold change of turkey hepatocyte CYP expression after 24-hour treatment with 

known inducers: A) Phenobarbital (PB), B) Rifampicin (RIF), C) 3-methylcholanthrene (3MC). 

Results are presented as the mean fold change ± SD. * represents statistical significance (P < 

0.05) between the inducer and control group for each enzyme; n=3. 

 

 

 Evaluation of penicillin-streptomycin in cell culture media 

No differences were detected within group i.e. over time for penicillin-treated 

hepatocytes (Figure 2.4). In the control penicillin group, the concentration of penicillin was 

significantly higher for the 0-time point compared to the 2, 4 and 6-hour time points, and the 6-

hour time point was significantly lower than the 8-hour time point. Comparisons of penicillin 

values between hepatocyte and control groups at each time point showed the control 6-hour time 

point was significantly lower than the hepatocyte 6-hour time point. Within group comparisons 

for streptomycin over time for both the control and hepatocyte groups showed no differences 
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(Figure 2.6). Streptomycin concentrations were significantly lower in hepatocyte versus control 

groups at 8-hours and 24-hours.  

 

Figure 2.5- Penicillin concentration in cell culture media over time; n=9. Within the control 

group, ǂ represents significantly different concentrations compared to time 0; Ɨ represents 

significant difference between the 6-hour and 8-hour time points. * represents a significant 

difference between hepatocyte and control groups. 
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Figure 2.6- Streptomycin concentration in cell culture media over time; n=9. * represents a 

significant difference between hepatocyte and control groups. 

 

Discussion 

 In this study, primary hepatocytes were isolated from young adult turkeys of 

approximately 6-16 weeks of age and established in monolayer culture in vitro, then assessed for 

hepatocyte function for the eventual use as a model for drug-drug interaction and other drug 

metabolism experiments. Although there are some published methods for isolating and culturing 

primary hepatocytes from chicken and other poultry species (Fraslin et al., 1992; Fujii et al., 

1996; Shulman & Nahmias, 2013), I was unable to identify any published methods in turkeys. 

The methods described in the current study were based on standard culture procedures employed 

in rats and chickens with modifications to some aspects, such as perfusion speed and time, in 

order to accommodate the size of the turkeys used for study. 
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 The viability of the isolated turkey hepatocytes was evaluated using the trypan blue 

exclusion method, which is commonly used to assess the live-dead ratio of isolated primary 

hepatocytes (Chesné et al., 1993; Montesissa et al., 2004; Nussler et al., 2001). Intact cell 

membranes prevent the uptake of trypan blue dye in viable cells (Strober, 2001). In this series of 

experiments, the inclusion criteria for proceeding with culture of hepatocytes was set at ≥70% 

cell viability. Reported viability criteria vary in the current literature, however, it is generally 

accepted that high viability is optimal for culture success. Shen et al. (2012) suggest that an 

initial hepatocyte viability of >85% is optimal. Several methods have used a Percoll gradient to 

remove nonviable hepatocytes and increase the purity of the cell pellet, yielding a lower total cell 

count but a higher percentage of viable cells (Bartlett & Newsome, 2017; Horner et al., 2019; 

Shen et al., 2012; Shulman & Nahmias, 2013). This is especially important when the availability 

of liver tissue is limited (Bartlett & Newsome, 2017). Although the cut-off percentage for cell 

viability in the current studies was less than reported in other published studies, it is important to 

note that methods for isolation of primary turkey hepatocytes for monolayer culture have not 

been reported. Further experiments aimed at optimizing viability of isolated primary turkey 

hepatocytes is warranted and could include the use of Percoll gradients. 

Hepatocytes were monitored by phase-contrast light microscopy to assess cell morphology, 

cell attachment, and confluency immediately after plating, 4 hours after plating, and before 

changing to serum-free media (~18-20 hours after plating).  In the current study, hepatocyte 

morphology, including formation of a confluent monolayer with cell-cell attachments within 24 

hours following plating is similar to findings in numerous other studies using hepatocytes 

isolated from various species, and is strongly suggestive of viable cells capable of key 

hepatocyte functions (Bartlett & Newsome, 2017; Shen et al., 2012). 
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Albumin synthesis is one of the many key functions of hepatocytes in vivo that is difficult to 

maintain in vitro due to the lack of critical nutrients (Peters, 1977). Various hepatocyte models, 

such as 3D-bioreactors, have been developed to allow continuous perfusion of the cells and 

provide essential nutrients for sustained protein synthesis (Nussler et al., 2001). In the present 

study, turkey albumin concentration in hepatocyte cell culture media was monitored daily for 

five consecutive days using ELISA. Our results show that the albumin concentration increased 

significantly following culture establishment on day 1 to a maximum concentration on day 3, and 

then significantly decreased for the remainder of the five-day study period. A similar observation 

was noted in the monolayer model by Nussler et al. (2001) who conducted a study using various 

rat hepatocyte models to evaluate their suitability for drug metabolism studies. In the monolayer 

model, a peak albumin concentration was observed on day 2 followed by a decreasing trend until 

day 6. Although that study was conducted with rat hepatocytes and a higher cell seeding density 

(0.75x106 cells/mL), the analysis of the functional characteristics of hepatocytes in monolayer 

may still be relevant to the current study. Nussler et al. (2001) postulated that the reduction in 

protein synthesis after peak albumin concentration was reached on day 2 may be the result of 

poor nutrient supply in the monolayer model. In addition, hepatocytes cultured in monolayer are 

in direct contact with the plastic tissue culture plate, which may negatively impact the cell 

phenotype and related cellular functions (D. M. Bissell et al., 1973; M. J. Bissell, 1981). 

Shulman & Nahmias (2013) noted that the loss of cuboidal morphology results in the loss of 

hepatocyte function in primary culture, and can be mitigated using other culture models that 

more closely mimic in vivo characteristics, including 3D structures (i.e. sandwich configuration 

or Matrigel matrix) and co-culture techniques. Taken together, the albumin production results in 
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the current study supports a functional turkey hepatocyte monolayer culture and suggests that a 

study duration of 3 days may be optimal for full cell function. 

Another key phenotypic marker of functional hepatocytes is the presence of CYP enzymes. 

Constitutive expression of key drug-metabolizing CYP enzymes in turkeys was measured to 

confirm the presence of drug-metabolizing enzymes and determine the relative abundance of the 

various isoforms. Our results confirm the presence of five key CYP enzymes of interest that may 

be involved in drug metabolism based on related mammalian orthologs (Watanabe et al., 2013). 

Although data on turkey CYP enzymes are extremely limited, Watanabe et al. (2013) assessed 

the basal mRNA expression of key CYP enzymes in chickens and noted that CYP2C45 showed 

the highest expression. An increase in sample size is needed to elucidate statistically significant 

relationships of relative abundance between the other CYP enzymes of interest, including 

identifying the most and least abundant CYP enzyme.  

CYP protein levels and enzyme activity are known to be related to mRNA expression, but the 

extent varies by CYP isoform (Watanabe et al., 2013). CYP protein expression or enzyme 

activity can be evaluated by different methods including immunoblot or enzyme activity assays 

that assess either constitutive levels of expression or activity, or modified activity via treatment 

with enzyme inducers or inhibitors. Cultured turkey hepatocytes were treated with drugs known 

to induce CYP activity in other species, including phenobarbital, rifampicin, and 3-

methylcholanthrene (Niemi et al., 2003; Ronis et al., 2001; Watanabe et al., 2013). Our results 

show significant induction in CYP2C23 and CYP1A5 at the mRNA level in the phenobarbital 

treatment group. Similar studies in chickens have demonstrated significant induction in CYP2C 

and CYP3A families following phenobarbital treatment (Baader et al., 2002; Ourlin et al., 2000; 

Watanabe et al., 2013) which is occurring via activation of the chicken xenobiotic receptor 
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(CXR), an ortholog to the mammalian constitutive androstane receptor (CAR) and pregnane X 

receptor (PXR) (Baader et al., 2002; Handschin et al., 2000). Rifampicin is a strong inducer of 

many CYP isoforms, especially the mammalian CYP3A and CYP2C families (Cai et al., 2012). 

Rifampicin exerts its effects through PXR-mediated induction (Martignoni, 2006). Additional in 

vitro experiments have demonstrated a wider range of mammalian CYP families induced by 

rifampicin, including CYP1A2, CYP2A6, and CYP2B6 (Niemi et al., 2003). Finally, 3-

methylcholanthrene is a procarcinogen known to induce CYP1A1 and CYP1A2 in mammals 

(Spatzenegger et al., 2008). Moreover, it induces its own metabolism by CYP1A enzymes via 

activation of the aryl hydrocarbon (Ah) receptor (Ronis et al., 2001). Results in the current 

studies do not reveal significant induction in turkey CYP isoforms in rifampicin or 3-

methylcholanthrene treatment groups. Despite orthologous relationships between many 

mammalian and turkey CYP families, there may be differences at the gene level that could 

explain the varied response to rifampicin and 3-methylcholanthrene. Overall, significant 

induction was observed in the phenobarbital treatment group in CYP2C23 and CYP1A5. The 

results of the CYP experiments demonstrates the presence and inducibility of key CYP enzymes 

of interest in turkey hepatocytes. Although baseline enzyme activity and response to inhibition 

were not studied, the results do support the functionality of the CYP enzymes. 

Culture media containing antibacterials is commonly employed in primary cell culture to 

prevent bacterial infection, which was a concern due to possible confounding effects in studies 

evaluating drug-drug interactions and other metabolism experiments. The evaluation of penicillin 

and streptomycin concentrations in cell culture media aimed to confirm that these antibacterial 

agents did not significantly change in concentration over 24-hours in hepatocyte cultures 

suggesting they were not being metabolized by hepatocytes.  As these antibacterial agents are 
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largely eliminated in mammals by renal excretion and not hepatic metabolism, it was not 

anticipated they would be significantly metabolized. Experiments were also conducted in control 

cultures containing media and no hepatocytes, in order to assess spontaneous degradation or 

other loss of these agents over time.   

There was some variation in the sampling methods for this study, including the lack of a 0-

hour time point in the hepatocyte cultures, and the addition of a 12-hour time point for 

hepatocyte cultures obtained from the second turkey. It is unlikely that these technical deviations 

significantly altered the overall results of the study. The results showed no changes in penicillin 

concentrations over time within the hepatocyte cultures, but did show significant differences 

within the control cultures exposed to penicillin over time for the following time points: baseline 

(0) compared to 2, 4, and 6-hours, and between 6 and 8-hours, as well as between hepatocyte 

cultures and control cultures at the 6-hour time point. However, there was no change in penicillin 

concentrations between 0 and 8, 12 or 24-hours in the control cultures. Although it is challenging 

to explain the drop in the penicillin levels in the early time points in the control cultures, the 

overall results suggest that penicillin does not significantly degrade over time in culture media. 

Penicillin is known to be unstable in acidic and alkaline pH and the presence of serum can 

reduce its activity (Schafer et al., 1972). In cultures exposed to streptomycin, there were no 

changes in streptomycin concentrations over time in either control cultures or hepatocyte 

cultures. There was a difference between hepatocyte cultures and control cultures at 8 hrs and 

24-hours. Taken together, the results show no changes in penicillin or streptomycin 

concentrations over 24-hours in hepatocyte cultures suggesting these antibacterial agents are not 

being metabolized by turkey hepatocytes in culture, and therefore should not pose a concern 

regarding confounding effects on results of future drug combination experiments. However, in an 
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effort to simplify the system it was decided to limit the use of penicillin and streptomycin to the 

attachment media only, and not be included in serum-free media used to conduct drug-drug 

interaction experiments.  

Conclusion 

 The present study aimed to isolate and establish primary turkey monolayer hepatocyte 

cultures, and demonstrate key hepatocyte functional characteristics, validating their use for 

future drug-drug interaction studies. Primary turkey hepatocytes were successfully isolated and 

cultured using methods adapted from standard procedures in rats and chickens (Fraslin et al., 

1992; Fujii et al., 1996; Shulman & Nahmias, 2013). The presence of albumin, a liver-specific 

protein and key biomarker of hepatocyte function, was measured over a five-day study period. 

CYP enzyme expression, another phenotypic marker of hepatocytes and characteristic of drug-

metabolizing capability, was evaluated for key turkey CYP enzymes of interest: CYP1A4, 

CYP1A5, CYP2C23, CYP2C45, and CYP3A37. All enzymes were expressed in the cultured 

hepatocytes. Enzyme induction was observed in select CYP enzymes, which suggests functional 

characteristics of CYP enzymes in vivo, that may also be important in drug metabolism, are 

intact in this model. Based on the results of these studies, primary turkey hepatocytes cultured as 

monolayers appear to possess the appropriate morphology and functional characteristics making 

them suitable for future drug-drug interaction and other metabolism studies.  
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Chapter 3: Clearance of fenbendazole and monensin in primary turkey 

hepatocyte cultures 
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Introduction 

The Veterinary Drugs Directorate (VDD) is the governing agency responsible for 

ensuring the safety of all veterinary therapeutics in Canada, including regulating the use of such 

products in food-producing animals (Veterinary Drugs Directorate (VDD), 2019). In doing so, 

the VDD establishes a withdrawal period for edible products, which is defined as the time 

required between the last drug treatment in the animal(s) and when the animal(s) can be 

processed for safe human consumption (Setting Standards for Maximum Residue Limits (MRLs) 

of Veterinary Drugs Used in Food-Producing Animals, 2016). The established withdrawal period 

is only applicable for drug use as indicated by the drug label, and otherwise, is considered extra-

label and requires modifications to ensure food safety (Policy on Extra-Label Drug Use (ELDU) 

in Food Producing Animals, 2008). Prior to processing, all extra-label drug use in poultry 

requires the documentation of a new withdrawal period from a competent authority 

recommending the new withdrawal time, including the Canadian Global Food Animal Residue 

Avoidance Databank (CgFARAD™) or the Canadian Poultry Association reference table. 

Although drugs are often administered as monotherapy, they can also be co-administered 

in combinations of two or more drugs. In food-producing animals such as turkeys, this is often 

achieved through medicated feed mixes, also known as complete feeds. Complete feeds offer the 

advantage of ease of administration for very large herds or flocks of animals, which is ultimately 

safer and more efficient for veterinarians and producers. Complete feeds are prepared by a feed 

mill using approved veterinary-products, which can be both over-the-counter or prescription 

products (Compendium of Medicating Ingredient Brochures, 2019). Medicating ingredients that 

may legally be added to livestock feed are documented by the Compendium of Medicating 

Ingredients Brochures (CMIB), which is overseen by the Canadian Food Inspection Agency 
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(CFIA) (Compendium of Medicating Ingredient Brochures, 2019). This includes approved 

combinations of drugs that may be used in livestock feed without concern of drug interactions 

(Compendium of Medicating Ingredient Brochures, 2019). Drug combinations are considered 

extra-label if they are not addressed on the CMIB list, and thus, may require modifications to 

withdrawal periods.  

The compatibility of co-administered drugs is a concern due to the potential for drug-

drug interactions (Lin & Lu, 1998). Drug-drug interactions can occur at any point in the 

pharmacokinetic process; however, the most common drug-drug interactions occur at the level of 

the hepatocyte during metabolism (Li et al., 1997). Due to their critical role in the 

pharmacokinetic process as drug metabolizing enzymes, cytochrome P450 (CYP) enzymes are 

often a target of drug-drug interactions when co-administered drugs share a common pathway 

(Nelson, 2009). In general, CYP enzymes can be induced or inhibited as a result of a drug-drug 

interaction, which have opposing effects on the rate of metabolism and drug elimination. CYP 

inhibition results in a decreased rate of drug metabolism and an increase in circulating drug 

concentration, while CYP induction increases the rate of drug metabolism and decreases the 

circulating drug concentration (Horn & Hansten, 2016). Altered drug metabolism can result in 

drug toxicities, violative drug residues, or subtherapeutic drug levels and treatment failure. In 

food-producing animals, violative drug residues are of particular concern for human food safety 

and are monitored by several regulatory surveillance programs, including the National Chemical 

Residue Monitoring Program (NCRMP).  

Identifying which prescribed extra-label drug combinations may result in drug-drug 

interactions is important for mitigating any potential associated risks. Several in vitro models 

have been successfully developed to evaluate drug metabolism and drug-drug interactions, 
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including hepatocyte cultures (Zhang et al., 2012). Current data on drug metabolism in turkeys is 

lacking and represents a critical gap in knowledge that could impact human food safety and 

animal welfare. 

Based on data provided by the CgFARADTM and the CFIA, fenbendazole + monensin 

were determined to be the most requested extra-label drug combination in turkey feed. 

Fenbendazole is a benzimidazole anthelmintic used to treat nematode and cestode infections in 

turkeys and is known to alter CYP activity in other species, including rats, pigs, and humans 

(Baliharová et al., 2004; Yazwinsri et al., 1993). Monensin is an ionophoric antimicrobial used to 

treat coccidiosis; a potentially deadly parasite infection in poultry and other species (Tewari & 

Maharana, 2011). The ionophore class had the highest recorded number of positive violative 

residues in Canada from 2012-2014 (NCRMP, 2014; NCRMP, 2015).  

 The objective of this study was to evaluate the in vitro clearance of fenbendazole and 

monensin, alone and in combination, using the primary turkey hepatocyte culture system 

established and validated in Chapter 2: Isolation and validation of monolayer culture of primary 

turkey hepatocytes. Collected samples were analyzed using validated HPLC-MS/MS methods. 

Statistical analysis was done to compare the rate of drug clearance over time when the drug was 

used alone versus the drug used in combination.  

Materials and methods 

Animals  

Healthy adult male turkeys that were free of any other drugs were used for study, as 

previously described. For the present series of experiments, turkeys ranging from 10 to 16 weeks 

of age were used. All procedures were compliant with the Animal Utilization Protocol 



56 
 

(AUP#3631) issued in accordance with the Canadian Council on Animal Care and approved by 

the Animal Care Committee of the University of Guelph. 

Chemicals and reagents 

Fenbendazole reference standard (Sigma, St. Louis, MO, USA) was first dissolved in 

DMSO then diluted to 5mg/mL with methanol. Deuterated fenbendazole (fenbendazole-D3) 

solution at 1 mg/mL in acetonitrile (St. Louis, MO, USA) was used as the internal standard for 

fenbendazole. Monensin sodium reference standard (USP, Rockville, MD, USA) and the internal 

standard nigericin sodium (Sigma, St. Louis, MO, USA) were prepared in methanol at 10 

mg/mL. Aliquots of stock solutions were stored at -20°C. Calibration standards (range of 1.56-

400 ng/mL for fenbendazole, and 3.12-800 ng/mL for monensin) and quality controls (2 ng/mL 

and 300 ng/mL for fenbendazole, and 4 ng/mL and 600 ng/mL for monensin) were prepared on 

the day of analysis by spiking working solutions in blank serum-free media.  

Cell culture  

 Primary turkey hepatocytes were isolated as previously described in Chapter 2, with the 

addition of oxygenation to the perfusion medias. Both blanching and collagenase media were 

oxygenated with 95% O2:5% CO2 for 30 minutes prior to, and during, perfusion. The isolated 

hepatocytes were plated on 12-well cell culture microplates at a seeding density of 0.5x106 

cells/mL. The fenbendazole + monensin drug clearance experiments were repeated in six adult 

turkeys ranging in age from 10 to 16 weeks, in quadruplicate.  

Fenbendazole and monensin were added to serum-free media to achieve a final combined 

concentration of 1 M, which was selected as an initial concentration as per previous studies (Jin 

et al., 2016). For fenbendazole, 252.67 ng/g (252.67 ppb; 0.8µM assuming 1 ng/g is equivalent 

to 1 ng/mL) was the average reported concentration in turkeys following the most common 
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dosing regimen used by Canadian veterinarians (Jin et al., 2016; Lancett et al., 2018). In absence 

of residue clearance data for monensin, the Health Canada MRL in the liver of turkeys is 50 ng/g 

(50 ppb; 0.07µM) (List of MRLs, 2018). Following overnight incubation, the hepatocytes were 

monitored microscopically (40X) to confirm attachment and confluency, and attachment media 

was aspirated and replaced with pre-warmed serum-free media containing fenbendazole, 

monensin, or fenbendazole + monensin, including blank control samples i.e. culture plates with 

media but no hepatocytes. The treated hepatocyte cultures and control samples were incubated in 

a HeraCELL 150i CO2 incubator (Thermo Fisher Scientific, Mississauga, ON) maintained at 

37°C and 5% CO2 until sample collection. Samples were collected in quadruplicate at 0.5, 1, 2, 4, 

and 24 hours, with one culture plate per time point. Repeated measures were not used. Samples 

were frozen at -80°C until HPLC-MS/MS analysis for the parent molecules fenbendazole and 

monensin. Blank control samples were collected in triplicate at 0 and 24 hours to evaluate drug 

stability in serum-free media in the absence of hepatocytes.  

Sample preparation 

Culture plates were removed from the incubator at each time point and gently shaken to 

ensure homogenous mixture of the serum-free media containing drugs of interest. A simple 

protein precipitation was carried out to extract drugs from the serum-free media. Briefly, 100 µL 

of the serum-free media was transferred from each well to a 1.5 mL Eppendorf tube with 100 µL 

of cold acetonitrile + 0.2% formic acid containing internal standards of 200 nM of fenbendazole-

D3 and 500 nM of nigericin. The mixture was vortexed for 30 seconds and cooled at -20°C for 5 

minutes. This was followed by centrifugation at 17, 000 g for 10 minutes at 4°C in a Sorvall 

Legend Micro 17R Centrifuge (Thermo Fisher Scientific, Mississauga, ON). A 100 µL aliquot of 

the supernatant was added to a 0.5 mL Eppendorf tube and mixed with an equal volume of Milli-
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Q water containing 0.1% formic acid. The solution was vortexed for 30 seconds, and 5 µL was 

injected onto the column for analysis. 

HPLC-MS/MS Methods 

LC Conditions 

LC analysis was performed on a Thermo Scientific Vanquish Flex Binary UHPLC 

system. Fenbendazole and monensin were separated on an ACQUITY UPLC BEH C18 Column 

(1.7 μm, 2.1 mm X 100 mm, Waters, Ireland) connected with a VanGuard UPLC BEH C18 Pre-

Column, (1.7μm, 2.1mm x 5mm, Waters, Ireland). Autosampler was kept at 4°C and column 

temperature was set at 35°C. Mobile phase containing 0.1% formic acid aqueous solution and 

acetonitrile at a flow rate of 400 L/min under a gradient mode as listed in Table 3.1. 

Table 3.1. LC gradient condition using mobile phase of 0.1% formic acid aqueous and 

acetonitrile at a flow rate of 400 L/min. 

Time (min) Flow (L/min) %ACN 

0 400 35 

0.1 400 35 

2 400 95 

4 400 95 

4.1 400 35 

A 5 L sample was injected onto the column.  Fenbendazole and its deuterated internal 

standard fenbendazole-D3 were eluted at 1.27 minute, and monensin and its internal standard 

nigericin were eluted at 3.24 minutes and 3.88 minutes, respectively. The total run time was 

6 minutes. 

MS Conditions 

A Thermo Scientific™ Q Exactive™ Focus Orbitrap mass spectrometer equipped with a 

Thermo Scientific™ Ion Max™ source and a heated electrospray (HESI) source was used for 
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MS analysis. Data were acquired in parallel-reaction monitoring (PRM) positive ion mode. In 

this PRM mode, Protonated [M+H]+ precursor ions 300.08 m/z for fenbendazole, 303.10 m/z for 

fenbendazole–D3, and sodium adduts [M+Na] + ions 693.41 m/z for monensin, and 703.46 m/z 

for nigericin were selected in the quadrupole with an isolation width of 2.0 m/z, then fragmented 

in the HCD cell at collision energy 25eV for fenbendazole and fenbendazole-D3, 47eV for 

monensin and 50ev for nigericin (Table 3.2).   

Table 3.2. Optimized MS/MS compound parameters used for quantitation of fenbendazole, 

fenbendazole-D3, monensin, and nigericin using PRM mode. 

The resulting MS/MS product ion spectrum was detected in the Orbitrap detector at a 

resolution of 17,500 (FWHM at m/z of 200) with AGC target set at 1e5. The ionization 

conditions were optimized using Tee infusion (10 L/min) of fenbendazole (5 g/mL) and 

monensin (10 ug/mL) into LC flow (400 L/min). The Ion source parameters were optimized as: 

Sweep gas flow rate 2, Spray voltage 3.5kV, Capillary temp 300°C, S-lens RF level 50.0, Aux 

gas heater temp 425°C.   

MS Data Acquisition 

MS data were acquired and processed using Thermo Scientific™ TraceFinder™ 

software.  The most abundant fragment from the MS/MS spectrum 268.05 m/z was selected as 

the quantifying ion. Another specific fragment 159.04 m/z was selected as a confirming ion. The 

Analyte & Internal 

Standard 

Ionization 

Species 

Exact mass 

(m/z) 
CE 

Quantitation ion 

m/z 

Confirming ion 

m/z 

Fenbendazole [M+H]+ 300.08 25 268.05 159.04 

Fenbendazole–D3 [M+H]+ 303.10 25 268.05 159.04 

Monensin [M+Na]+ 693.41 47 461.28 479.29 

Nigericin [M+Na]+ 747.46 50 703.47 501.31 
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resulting chromatograms were extracted and reconstructed with a mass accuracy of 5 ppm for 

quantification and confirmation.  

A) 

 

B)

 

Figure 3.1- MS/MS spectrum with specified quantifying, qualifying and confirming ions for A) 

fenbendazole, and B) fenbendazole-D3. 

For monensin and nigericin, the most abundant fragment ions of 461.28 m/z and 703.47 

m/z were selected as the quantifying ions, respectively. Other specific fragments 479.29 m/z for 

monensin and 501.31 m/z for nigericin were chosen as the confirming ions. The resulting 

Confirming Ion 

Quantifier 

Qualifier 

Confirming Ion 

Quantifier 

Qualifier 
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chromatograms were extracted and reconstructed with a mass accuracy of 5ppm for 

quantification and confirmation.  

 

A) 

 

B)

 

Figure 3.2- MS/MS spectrum with specified quantifying, qualifying, and confirming ions for A) 

monensin, and B) nigericin (IS). 

Qualifier 
Quantifier 

Confirming Ion 

Confirming Ion 
Quantifier 

Qualifier 
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HPLC-MS/MS Method Validation 

HPLC-MS/MS methods validation included determination of assay specificity, 

selectivity, linearity, accuracy, and intra-day and inter-day precision using the sample 

preparation procedure and HPLC-MS/MS instrument conditions described above.  

Specificity & selectivity 

Six different blank control samples containing serum-free media were extracted and the 

peak areas at the retention times for the analytes and internal standards were compared with the 

peak areas found in the lower limit of quantification (LLOQ, 1.56ng/mL for fenbendazole, and 

3.12ng/mL for monensin) to determine the selectivity of the assay. No interfering peaks were 

observed in blank serum-free media (Figure 3.3) at retention time 1.28 min corresponding to the 

drug fenbendazole (Figure 3.3 A) and 3.24 min for monensin (Figure 3.3 B). The clean 

background shows that the assay is specific and selective, with no interference.   

A) 
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B) 

 

Figure 3.3- Quantitation ion chromatogram (mass extraction window ±5 ppm) for A) 

quantitation ion m/z 300.08 shows no interference with fenbendazole in blank control serum-free 

media and B) quantitation ion m/z 693.41 shows no interference with monensin in blank control 

serum-free media. 

A) 

        

B)  
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C) 

 

D)  

 

Figure 3.4- Chromatograms overlay constructed with Quantitation ion and Confirming Ions of 

with A) fenbendazole (1.56 ng/mL), B) fenbendazole-D3 (200nM), C) monensin (3.12ng/mL), 

and D) nigericin (500nM) in blank serum-free media. 

 

Linearity   

Calibration curves for fenbendazole and monensin were prepared and assayed on 10 

separate days. Standard curves were calculated using weighted (1/x) least squares linear 

regression. All 9-point standard calibration curves were linear and reproducible in the 

concentration range from 1.56-400 ng/mL for fenbendazole, and 3.12-800 ng/mL for monensin, 

with the correlation coefficient (r2) > 0.99 for all calibration curves. The LLOQ was 1.56ng/mL 

for fenbendazole and 3.12 ng/mL for monensin in this assay. The LLOQs were determined as the 

lowest concentrations that had a coefficient of variation no greater than 20%. Chromatograms 
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overlay constructed with Quan Peaks and Confirming Ions of fenbendazole are shown in Figure 

3.4 A, and monensin in Figure 3.4 B. 

Precision  

Method precision were evaluated by running triplicates of calibration standards on three 

different days. The analytical method was repeatable and reproducible with intra- and inter-day 

precision within 15% CV for each calibration standard, except for the LLOQ, which was within 

20%.    

Accuracy 

Accuracy was evaluated by calculating the percent deviation of the measured analyte 

concentration from the true concentration. The accuracy for each calibration standard was within 

15% CV for both fenbendazole and monensin. 

Statistical Analysis 

The data were analyzed using Proc MIXED (SAS version 9.4; Cary, NC) as a two-factor 

factorial in a randomized complete block design with subsampling of replicate wells. Fixed 

effects were treatment and hour and included the treatment × hour interaction; turkeys were 

random blocks and the sampling unit (experimental unit) was treatment × hour × turkey, 

subsampled 3 (at hour 0) or 4 times (at all other hours). The sampling procedure did not include 

repeated measures of hepatocyte cultures at multiple time points, as measures were taken 

destructively at each hour from each culture well and aliquoted into separate tubes. Linear 

regression analysis was used to evaluate the rate of drug clearance over time, treating hour as a 

continuous explanatory variable. Residual analyses were used to assess the ANOVA 

assumptions. Residuals were formally assessed for normality using Shapiro-Wilk, Kolmogorov-

Smirnov, Cramer-von Mises, and Anderson-Darling tests. In addition, the residuals were plotted 
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against the predicted values and explanatory values in the model to check for outliers, unequal 

variance, and the need for transformation. Statistical significance was set at P <0.05. 

  

Results 

Drug Stability in Blank Control Culture Media 

 Data are presented as the mean drug concentration with 95% confidence intervals (Table 

3.3). Within group analysis revealed the concentration of fenbendazole alone decreased 

significantly between 0 and 24-hours in blank controls. This was also noted in the fenbendazole 

in combination with monensin, monensin, and monensin in combination with fenbendazole 

treatment groups.  

 

Table 3.3- Mean drug concentration in blank control samples with 95% confidence intervals. * 

represents statistically significant (p <0.05) differences within treatment groups; n=6. 

Treatment group 

0-hour 

Blank 

Control 

95% CI 

0-hour Blank 

Control 

24-hour Blank 

Control 

95% CI 24-hour 

Blank Control 

Fenbendazole 369.24 335.47- 403.01 306.60* 272.83 - 340.36 

Fenbendazole in 

combination 
359.51 

325.74 - 393.28 
296.61* 

262.84 - 330.38 

Monensin 734.84 664.17 - 805.51 652.59* 581.92 - 723.26 

Monensin in 

combination 
740.25 

669.59 - 810.92 
665.32* 

594.65 - 735.99 

In vitro drug clearance 

The residual analyses confirmed the need for the natural logarithm transformation in this set 

of experiments. Unequal variance was accommodated for in the model and confirmed using 

Akaike Information Criterion (AIC). The outliers identified were determined to be non-

consequential. Regression analysis revealed that the data had a significant quadratic component. 

Visual inspection revealed that 0.5-4 hours appeared to be linear, which was confirmed by the 
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lack of a significant quadratic component in absence of the 0 and 24-hour time points. Thus, 0 

and 24-hour time points were not included in the linear regression. 

Fenbendazole 

Data are presented as the mean fenbendazole concentration with 95% confidence intervals 

(Table 3.4).  

Table 3.4- Mean fenbendazole concentration with 95% confidence intervals. 

Treatment Time log(concentration) ng/mL 95% CI 

Fenbendazole 

0 5.90 5.50 - 6.30 

0.5 5.43 5.03 - 5.83 

1 5.14 4.74 - 5.54 

2 4.54 4.14 - 4.94 

4 3.48 3.07 - 3.88 

24 0.88 0.47 - 1.28 

Fenbendazole in combination 

0 5.88 5.48 - 6.28 

0.5 5.36 4.96 - 5.76 

1 5.10 4.70 - 5.50 

2 4.73 4.33 - 5.13 

4 3.78 3.37 - 4.18 

24 0.82 0.42 - 1.23 

 

 

Data from the linear regression analysis for 0.5-4 hours are presented as the mean log 

(concentration) with 95% confidence intervals (Figure 3.5). Concentration of fenbendazole 

decreased significantly in both the fenbendazole alone and fenbendazole in combination with 

monensin treatment groups over the study period. Linear regression analysis revealed a straight 

line between 0.5 and 4-hour time points with the following equations: log (Fen) = 5.7050 - 

0.5652*time and log (F&M) = 5.5693 - 0.4401*time. The slopes and 95% confidence intervals 
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for fenbendazole alone and fenbendazole in combination are -0.5652 (-0.6196 - -0.5107) and -

0.4401 (-0.4945 - -0.3856), respectively. The rate of fenbendazole clearance was 13.3% faster 

than fenbendazole in the combination based on differences in slopes. 

 

 

 

Figure 3.5- Clearance of fenbendazole alone and fenbendazole in combination with monensin in 

primary turkey hepatocyte cultures between 0.5-4 hours with 95% CI; n=6. 

 

Monensin 

 Data are presented as mean monensin concentration with 95% confidence intervals 

(Table 3.5). The concentration of monensin alone and monensin in combination with 
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fenbendazole both decreased significantly over the study period. There were no significant 

differences noted between the rate of clearance in either treatment groups (Figure 3.6).  

Table 3.5- Mean monensin concentration with 

95% confidence intervals.Treatment 
Time log(concentration) ng/mL 95% CI 

Monensin 

0 6.59 6.31 - 6.87 

0.5 6.16 5.87 - 6.44 

1 5.90 5.62 - 6.19 

2 5.58 5.30 5.87 

4 5.17 4.88 - 5.46 

24 2.27 1.98 - 2.56 

Monensin in combination 

0 6.60 6.32 - 6.88 

0.5 6.12 5.83 - 6.40 

1 5.90 5.62 - 6.19 

2 5.63 5.34 - 5.91 

4 5.15 4.86 - 5.44 

24 2.20 1.91 - 2.50 

 

The equation of the lines generated from the linear regression analysis are log (Mon) = 

6.2109 - 0.2706*time and log (F&M)= 6.2013 - 0.2678*time for monensin alone and in 

combination with fenbendazole, respectively. The slopes for the clearance of monensin alone and 

in combination are as follows: -0.2706 (95% CI: -0.3252 - -0.2160) and -0.2678 (95% CI: -

0.3224 - -0.2132). The rate of monensin clearance was 0.3% faster than monensin in 

combination based on differences in slope.  
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Figure 3.6- Clearance of monensin alone and monensin in combination with fenbendazole in 

primary turkey hepatocyte cultures between 0.5-4 hours with 95% CI; n=6.  

 

Discussion 

In this study, primary turkey hepatocytes cultured in monolayer were used to conduct in 

vitro drug clearance experiments with the antiparasiticides fenbendazole and monensin. The 

results show substantial clearance of fenbendazole and monensin, alone and in combination, over 

24 hours. In the drug stability in blank control culture media experiments, the concentration of 

fenbendazole and monensin, alone and in combination, in the blank control serum-free media 

samples decreased over the study period. The results reveal an average of 17% and 25% loss for 

fenbendazole alone and in combination, respectively. For monensin, the average decrease in drug 

in blank control serum-free media was 11% when used alone and 10% when used in combination 

with fenbendazole. However, comparison of the drug concentrations measured at 24 hours 
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between hepatocyte and blank control groups shows significantly higher drug concentrations in 

the blank control groups. The decrease in drug concentration in the blank control culture media is 

not the result of metabolism as no hepatocytes were present in the cultures. The decrease may be, 

in part, spontaneous degradation of both drugs over time in the culture media, or adherence of 

the drug(s) to the culture well and inability to remove it during the sample collection and 

extraction process. Additional experiments aimed at evaluating the drug stability should measure 

the drug concentration over time in solution with PBS, for example, or to use glass vials rather 

than plastic culture plates to assess the potential influence of cell culture media and plates. The 

observed differences between the drug concentrations in the blank control group versus the 

hepatocyte group at 24 hours in the drug stability in blank control culture media experiments 

suggest that the decrease in fenbendazole and monensin in the hepatocyte groups is a result of 

drug clearance.  

Following the loss of parent drug concentration over time has been documented as an 

effective method to evaluate drug clearance (Jin et al., 2016; Lancett et al., 2018). Furthermore, 

this approach can be used to screen drug combinations for drug-drug interactions. Jin et al. 

(2016) evaluated the effects of common antidepressants, such as selective serotonin reuptake 

inhibitors (SSRIs) and serotonin norepinephrine reuptake inhibitors (SNRIs), on the metabolism 

and clearance of primaquine: an antimalarial agent. It was found that 60% of primaquine 

remained after four hours in untreated human hepatocyte suspension cultures. An inhibitory 

drug-drug interaction was reported if more than 60% of primaquine remained at four hours, after 

treatment with SSRI and SNRIs. The use of suspension cultures limits the maximum study 

duration to four hours, which may be too short for sufficient clearance of drugs with longer half-
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lives. The use of primary hepatocytes cultured in monolayer can extend the duration of use for 

study significantly, up to 7 days (Zhang et al., 2012).  

 An alternate approach in in vitro metabolism studies to monitoring clearance of the 

parent drug consists of measuring the formation of metabolites following drug treatment. This 

has been used successfully to indicate the presence of ongoing biotransformation reactions, as 

well as characterize the complete metabolism of drugs of interest and their metabolites (Knights 

et al., 2016; Youdim & Saunders, 2010). Burton et al. (2018) adopted this approach to evaluate 

the suitability of different culture systems for metabolite generation from low-turnover drugs i.e. 

drugs with low clearance rates. The authors reported the greatest metabolic turnover in the 

HμREL coculture model, with metabolite production up to 7 days. In contrast, minimal 

metabolism was reported in the suspension cultures because of the limited duration of culture 

use. Ultimately, hepatocyte models in conjunction with validated HPLC-MS/MS methods 

represents an appropriate system to evaluate drug clearance in vitro, including metabolism. The 

need for additional methods development and availability of appropriate internal standards for 

metabolites of interest can contribute to the choice of monitoring parent drug loss over 

metabolite formation when evaluating in vitro drug metabolism. Importantly, regulatory 

authorities generally assess the parent drug molecule for violative drug residues in edible tissues 

from food producing animals in their monitoring programs.  

The present approach to data analysis included linear regression analysis to compare 

differences in the overall rate of parent drug clearance between groups. Linear regression 

analysis is common amongst in vitro drug metabolism studies that evaluate drug clearance over 

time and calculate intrinsic clearance rates (Youdim & Saunders, 2010). This method is 

frequently used with higher-throughput models, such as microsomes; where extensive 
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preliminary work is done to identify and optimize the linear range of drug clearance (Jones & 

Houston, 2004; McGinnity et al., 2004). My data are linear between the 0.5 and 4-hour time 

points. Inclusion of the 0 and 24-hour time points in the regression analysis revealed a significant 

quadratic component. This was due, in part, to the rapid drop in drug levels from 0 to 0.5 hours 

and the large time gap between 4 hours and 24 hours.  The underlying mechanisms may include 

a rapid distribution of the drug from the culture media at time 0 to adherence of drug to the 

culture wells, and either non-specific binding of the drug to the hepatocyte and/or uptake of the 

drug into the hepatocytes in the absence of metabolism. Furthermore, although there is some 

drug remaining at 24 hours, it was <1% of the initial starting drug concentration. Therefore, this 

suggests that drug clearance is linear and most accurately defined between the 0.5 and 4-hour 

time points in the present series and linear regression was used to assess the overall rate within 

this range.  

The results of the fenbendazole experiments reveal a significant difference between the 

rate of clearance of fenbendazole alone and fenbendazole in combination with monensin. 

Overall, the rate of clearance for fenbendazole alone is 13.3% faster than that of fenbendazole in 

combination with monensin. No signification differences were detected between monensin 

treatment groups. Taken together, the data suggest that the metabolism of fenbendazole is 

significantly impacted by the presence of monensin, however, the metabolism of monensin is not 

affected by fenbendazole. Monensin may be inhibiting the clearance of fenbendazole through 

metabolism at CYP enzyme levels or by way of transporter interactions on cell membranes, 

resulting a slower rate of drug clearance. However, <1% of fenbendazole concentration remained 

at 24 hours in both the fenbendazole alone and fenbendazole in combination with monensin 

treatment group depicting extensive drug clearance, despite the altered rate of clearance in the 
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combination group. Therefore, the clinical significance of this inhibitory drug-drug interaction 

reported in the current in vitro study warrants further investigation in live birds to determine the 

risks of increased fenbendazole levels in edible tissues of turkeys and food safety concerns, when 

fenbendazole is used in combination with monensin. Documented interactions between 

monensin and other drug compounds include erythromycin and tiamulin, which inhibit the 

metabolism of monensin and result in ionophore toxicity (Laczay et al., 1994; Osweiler, 2011).  

Additional studies may be needed to further optimize the model for linearity, including 

the addition of time points to expand the linear range after the 4-hour time point. The monolayer 

model is more labour-intensive and costly and may be less conducive to high-throughput studies 

that involve extensive optimization for each drug of interest. Alternative models, such as the use 

of microsomes, should be explored for the evaluation of drug metabolism and potential drug-

drug interactions in turkeys in a high-throughput manner.  

 

Conclusion 

The present study aimed to conduct in vitro drug clearance experiments using the primary 

turkey hepatocyte culture system established and validated in Chapter 2 and evaluate the 

clearance of drug combinations of interest to the poultry industry. Fenbendazole + monensin was 

selected as the top priority drug combination of interest based on data provided by the 

CgFARADTM and the CFIA. Samples of serum-free cell culture media were collected over time 

from cultures of drugs alone and in combination and analyzed for parent drug concentration 

using validated HPLC-MS/MS methods. Both drugs were extensively cleared by the conclusion 

of the study period. Linear regression was done to compare the rate of drug clearance when the 

drug was used alone versus the drugs used in combination. The overall rate of fenbendazole 
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clearance was 13.3% faster when used alone versus fenbendazole in combination with monensin. 

The data suggests that monensin may be inhibiting the clearance of fenbendazole, however, the 

clinical relevance of this finding including food safety concerns requires additional studies in 

live birds. Overall, primary turkey hepatocyte monolayer culture systems were effective at 

characterizing the clearance of fenbendazole and monensin, alone and in combination, and 

comparing treatment groups for differences in parent drug remaining in the culture media over 

time. 
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Chapter 4: General Discussion  
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General discussion 

Canadian veterinarians regularly prescribe combinations of two, and sometimes more, 

veterinary drugs for use in complete feed mixtures for oral administration to food-producing 

animals, including poultry. To ensure the safety of food products derived from animals treated 

with therapeutic drugs, the Veterinary Drug Directorate (VDD) implements strict withdrawal 

periods to allow for adequate drug clearance prior to animal processing and human consumption. 

Many of the drug combinations that are prescribed by veterinarians are not addressed on the 

Compendium of Medicating Ingredients Brochure (CMIB) list, which outlines which veterinary 

approved drugs can be used in combination in feed, and therefore, are considered extra-label 

drug use. Extra-label drug use of veterinary approved drugs requires modifications to the 

withdrawal periods present on the label to avoid violative drug residues at processing and ensure 

human food safety. The compatibility of co-administered drugs is an on-going concern and is 

often unknown for extra-label combinations in feed (Zhang et al., 2012). Drug-drug interactions 

are highly associated with polypharmacy, often due to overlapping metabolic pathways. Altered 

hepatic clearance including metabolism can have several effects on drug pharmacokinetics and 

blood drug levels ranging from violative drug residues impacting food safety and drug toxicities, 

to subtherapeutic drug concentrations and treatment failure. Despite ongoing regulatory 

surveillance programs instituted by the Canadian Food Inspection Agency (CFIA), such as the 

National Chemical Residue Monitoring Program (NCRMP), there are still gaps in knowledge 

remaining for many common extra-label drug combinations used by licensed veterinarians in 

Canada. Therefore, it is important to evaluate the compatibility of extra-label drug combinations 

administered in feed to poultry, that are not deemed compatible by inclusion on the CMIB list, 

and screen for possible drug-drug interactions. Although evaluating the food safety risks from 
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violative drug residues is challenging, several in vitro models, including hepatocyte cultures, 

have been developed and used successfully to study hepatocyte drug clearance, metabolism and 

drug-drug interactions (Zhang et al., 2012). Overall, there is limited data on hepatic drug 

clearance, metabolism and drug interactions in poultry, especially turkeys; which represents a 

critical knowledge gap that could impact food safety and animal welfare. Review of drug data 

provided by the Canadian Global Food Animal Residue Avoidance Databank (CgFARADTM) 

and the NCRMP shows that the antiparasiticides fenbendazole + monensin are the most common 

extra-label drug combination administered in turkey feed. Additionally, the ionophore class of 

antibiotics, including monensin, has the highest number of positive violative residues based on 

the NCRMP reports available at the time of the writing of the grant funding my thesis research 

(NCRMP, 2014; NCRMP, 2015). Finally, fenbendazole has been found to alter CYP enzyme 

activity through inhibition or induction in various species, including rats and pigs (Baliharová et 

al., 2004). Thus, it was hypothesized that in vitro combinations of fenbendazole and monensin 

result in drug-drug interactions that alter drug clearance in turkey hepatocytes in primary culture. 

 In Chapter 2: Isolation and monolayer culture of primary turkey hepatocytes, I 

established primary turkey hepatocytes in monolayer cultures and evaluated key functional 

characteristics to validate the model for use in hepatocyte drug clearance, metabolism and drug-

drug interactions studies for the current and future research. Primary turkey hepatocytes were 

successfully isolated using a two-step collagenase protocol, with alternations to standard 

methods in rats and chickens (Fraslin et al., 1992; Fujii et al., 1996). To my knowledge, there are 

no peer-reviewed published methods for isolating and culturing primary turkey hepatocytes. 

Modifications to peer-reviewed published rat and chicken hepatocyte culture protocols were 

employed, that included changes to the duration of perfusion and flow rate necessary to 
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accommodate the varying size of birds used in my studies. While I was able to establish an 

isolation protocol that provided consistent results, future experiments aimed at further optimizing 

the isolation protocol are warranted, including refinements to the perfusion and isolation method 

that will improve overall cell viability and attachment. The adult male turkeys used for the study 

ranged from 10 to 16-weeks of age, and showed some differences in size based on availability 

from the commercial supplier. Certainly, a more consistent bird size would reduce some 

variability associated with the perfusion protocol and overall cell viability, but also speaks to 

potential disadvantages with using a hepatocyte monolayer culture system for study. Additional 

modifications to the methods, including using Percoll gradients, could be employed to further 

purify the pellet containing isolated hepatocytes and increase cell viability following perfusion 

and prior to culturing cells (Shulman & Nahmias, 2013). 

 The isolated primary turkey hepatocytes were cultured in monolayer on various sizes of 

tissue culture-treated plates at a density of 0.5x106 cells/mL. Recommended cell seeding density 

varies in the literature, but it is generally accepted that it should be 60%-70% of confluency to 

provide cell-to-cell interaction and space for cell growth, resulting in a final monolayer 

confluence of  >90% of the plate surface (Shen et al., 2012). The selected hepatocyte seeding 

density was based on previous lab protocols (Dr. Gordon Kirby: personal communication) for 

mouse hepatocytes. The seeding density and confluency were not optimized for turkey 

hepatocytes; however, the results of Chapter 2 studies suggest that the cells were functional 

based on cuboidal morphology, albumin production, and enzyme expression and response to 

enzyme induction. Despite the use of tissue-culture treated plates, which are altered in the 

manufacturing process to increase the hydrophilicity of the plastic, direct contact with plastic 

may alter cell phenotype and function (Bissell, 1981; Lerman et al., 2018). Collagen-coating has 
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been shown to increase cell adhesion and survival by promoting cell proliferation and 

extracellular matrix formation (Wang et al., 2004). Several studies have reported the benefits of 

collagen-coated plates on hepatocyte culture duration of use (Shulman & Nahmias, 2013; Wang 

et al., 2004; Zhang et al., 2012). In addition to collagen-coated surfaces, primary hepatocyte co-

culture with non-parenchymal cells are effective at maintaining cell-cell interactions and regulate 

hepatocyte function (Kmiec, 2001; Shulman & Nahmias, 2013). Notably, co-culture with 

fibroblasts is the most highly recognized technique (Shulman & Nahmias, 2013). Khetani and 

Bhatia (2008) demonstrated preserved gene expression and cell morphology in primary 

hepatocyte co-cultured with 3T3-J2 mouse fibroblasts for 4-6 weeks. The addition of collagen-

coating or non-parenchymal cells to the turkey hepatocyte monolayer culture model used in the 

current studies might enhance growth and maintain key functions for extended periods of time. 

However, these benefits may not have been realized during the study, given that drug clearance 

was completed by 24 hrs following addition of serum-free media (~40 hrs after isolation and 

culture).  

 In order to validate the functionality of hepatocytes cultured in vitro, several physiologic 

characteristics of hepatocytes were evaluated, including the production of albumin, and the 

presence, and inducibility, of key cytochrome P450 (CYP) enzymes. Our results confirm the 

production of albumin over a five-day study period, with a maximum concentration measured on 

day 3. Albumin synthesis is a critical liver-specific function that can be difficult to maintain in 

vitro but is indicative of hepatocyte functionality (Peters, 1977). Alternatively, blood urea 

nitrogen (BUN) assays can also be used for the study of liver-specific hepatocyte function in 

vitro (Shulman & Nahmias, 2013).  Both albumin and urea assays can be coupled with lactase 

dehydrogenase (LDH) assays to monitor hepatocyte viability over time (Acikgöz et al., 2013; 
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Chao et al., 1988). The LDH assay, also rereferred to as LDH release, is a convenient method to 

evaluate cell cytotoxicity by leakage of LDH from damaged hepatocytes into the culture 

medium. In the present series of experiments, the LDH method could have been used in parallel 

with the albumin analysis to further evaluate turkey hepatocyte functionality over time (Chao et 

al., 1988). The continued and increasing production of albumin in cultured turkey hepatocytes in 

the first 3 days of culture followed by a decrease in albumin production on days 4 and 5 of 

culture supports the theory that hepatocyte function was optimal for study at a maximum of 3 

days of culture. The addition of the LDH assay conducted over the same time period may have 

provided some insight and support for the albumin results, however, this was not included in the 

present experiments.  

 Evaluating the presence and activity of key CYP enzymes in cultured turkey hepatocytes 

is important in validating the model for use in drug-drug interaction studies that involve altered 

hepatocyte clearance, including metabolism. Characterization of the CYP enzyme system can be 

done in a variety of ways, including measuring mRNA levels, measuring CYP enzyme proteins, 

and CYP enzyme activity analyses (Gomez-Lechon et al., 2004). We assessed constitutive 

mRNA expression and the inducibility of key CYP enzymes of interest using RT-qPCR. Our 

constitutive CYP mRNA results confirm the expression of all CYP enzymes of interest for the 

studies conducted in this thesis work; however, baseline activity was not measured. CYP enzyme 

activity is known to be related to mRNA expression in varying extents (Watanabe et al., 2013). 

Activity assays have been identified for specific CYP isoforms. For example, CYP1A activity 

can be measured as ethoxyresorufin-O-deethylase (EROD) activity (Pohl & Fouts, 1980). 

Additionally, luciferin-based luminescent assays (i.e. P450-GloTM, Promega Corporation, 

Madison, WI) can be used to evaluate CYP activity and screen many test compounds for CYP-
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drug interactions. The P450-GloTM kits are designed for mammalian CYP enzymes, however, 

Watanabe et al. (2013) successfully used the Luciferin-ME and Luciferin-H assays to evaluate 

CYP2C23 and CYP2C45 activity in recombinant chicken CYP enzymes. In addition to 

evaluating constitutive CYP activity, enzyme activity assays can be used to evaluate modified 

activity levels via treatment with inducers and inhibitors. In the present thesis, CYP induction 

was evaluated using RT-qPCR following treatment with known inducers: phenobarbital, 

rifampicin, and 3-methylcholanthrene. Induction of CYP2C23 and CYP1A5 was observed in the 

phenobarbital treatment group. Although baseline CYP activity and response to enzyme 

inhibition were not measured, the phenobarbital results demonstrate inducibility and suggest that 

functional CYP activity is intact in this model. Additional experiments to verify intact CYP 

inhibitory responses and baseline enzyme activity are warranted (see Chapter 1: COVID-19 

Note).  

 Whole cell hepatocyte culture systems retain both Phase I and Phase II drug-metabolizing 

enzymes, as well as key drug transporters, which closely mimics an in vivo environment 

allowing for hepatocyte drug clearance and metabolism studies and evaluation of drug-drug 

interactions (Zhang et al., 2012). Since 70%-80% of drugs are metabolized by Phase I CYP 

enzymes, CYP-mediated drug-drug interactions are often the most clinically significant 

(McDonnell & Dang, 2013). However, Phase II enzymes, such as UDP-glucuronyl transferases 

(UGTs) and glutathione S-transferases (GSTs) can also be vulnerable to drug-drug interactions 

(Richardson et al., 2016). Phase II enzyme activity can be evaluated by fluorometric assays with 

targeted substrates for each enzyme family, such as using 1-chloro-2,4-dinitrobenzene (CDNB) 

as a substrate to measure GST activity (Kirby et al., 1995). Additionally, membrane transporters 

can play critical roles in the pharmacokinetic process by regulating absorption, distribution, and 



83 
 

elimination (Giacomini et al., 2010). Transporters are present in various organs and tissues 

throughout the body, including the liver (Giacomini et al., 2010). Organic anion transporting 

polypeptides (OATP) and P-glycoprotein (P-gp) are common examples of influx and efflux 

transporters, respectively. Evaluation of hepatocyte transporter involvement in drug clearance 

requires knowledge of the metabolic pathway for the drug of interest. Baseline transporter 

protein expression and activity should be evaluated to further validate the hepatocyte monolayer 

culture system used in my studies and to investigate the metabolic process for the drugs of 

interest in future experiments. The documented presence and activity of Phase II enzymes and 

transporters in intact hepatocytes cultured in monolayer in the literature, in combination with my 

results that depict the presence and functional activity of Phase I CYP enzymes suggests that the 

present culture model is sufficient for capturing hepatocyte clearance of drugs and thus, potential 

drug-drug interactions. 

 Antibacterials, such as penicillin-streptomycin and gentamicin, are frequently added to 

cell culture media to prevent bacterial infection. This was a concern in the present study design 

due to the intended use of the primary turkey hepatocyte culture system for future studies 

evaluating drug clearance, metabolism and drug-drug interactions. Penicillin and streptomycin 

concentrations were evaluated in cell culture media over 24 hours to verify the drug stability and 

confirm the lack of significant metabolism, as both drugs are largely eliminated in mammals by 

renal excretion (Eagle & Newman, 1947; Streptomycin, 2016). The results showed variations, 

with significant differences within the penicillin control group, and between hepatocyte and 

control groups for penicillin and streptomycin, at select time points. Overall, there were no 

consistent trends noted in the hepatocyte cultures that would suggest clearance of penicillin or 

streptomycin by hepatocytes. Although it is challenging to explain the variation in the penicillin 
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concentrations in the control group across some time points, the overall results do not show a 

significant difference between 0 and 24-hour time points; thus, it is reasonable to conclude that 

there is no significant degradation of penicillin over time (Figure 2.5). There are many factors 

that may have contributed to the variable results, including technical error, as well as features of 

the drugs themselves and the system, such as protein-binding and non-specific binding to the 

hepatocytes or plastic tissue culture plates. Furthermore, despite the renal excretion of both 

penicillin and streptomycin in vivo, it is possible that the present in vitro system represents a 

deviation from how the drug may act under physiological conditions in the intact animal. 

Additional experiments should be done to confirm the stability and lack of significant hepatocyte 

clearance, or degradation, of penicillin and streptomycin in cell culture media. Ideally, no 

prophylactic antibacterials would be used in the present culture model to eliminate potential 

confounding effects with drug clearance and drug-drug interaction studies; however, the primary 

nature of the turkey hepatocytes (i.e. birds were sourced from a commercial poultry farm) made 

that difficult. Schafer et al. (1972) reported the superiority of gentamicin as a cell culture 

antibacterial due to key stability features. Since gentamicin is also eliminated unchanged by the 

renal system, it may be useful to explore for future primary hepatocyte studies.  

Based on the above discussed results in Chapter 2, along with the appearance of isolated 

hepatocytes in culture microscopically and their growth to near confluence, I have concluded that 

the primary turkey hepatocytes cultured in monolayer were functional, making them suitable for 

future drug clearance, metabolism and drug-drug interaction studies.  

In Chapter 3: Clearance of fenbendazole and monensin in primary turkey hepatocyte 

cultures, I conducted in vitro drug clearance experiments evaluating the drug combination of 

fenbendazole + monensin using the primary turkey hepatocyte culture system validated in 
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Chapter 2. Mass spectrometry (HPLC-MS/MS) methods were developed and validated for both 

fenbendazole and monensin in serum-free tissue culture media. Extensive preliminary work was 

needed to develop an appropriate method for sampling and extracting drug compounds from the 

media for HPLC-MS/MS analysis. While there was a deuterated internal standard for 

quantitative determination of fenbedazole, the search for an isotope-labelled standard for 

monensin was unsuccessful. The use of isotope-labelled internal standards allows for co-elution 

with the analyte of interest and identification for quantitation, while controlling for variation in 

extraction, HPLC injection, matrix effect and ionization variability (Bodnar-Broniarczyk et al., 

2019). Alternatively, structural analogs can be used as internal standards; however, they are not 

generally as accurate (Bodnar-Broniarczyk et al., 2019; Lanckmans et al., 2007). Nigericin was 

selected as the structural analog for monensin based on previous studies (Annunziata et al., 2017; 

Dubreil-Chéneau et al., 2009; Huang et al., 2011). The availability of appropriate internal 

standards for drugs exclusively used in veterinary medicine can be limited and should be 

considered in the experimental design. 

The results of the fenbendazole and monensin clearance studies showed substantial 

clearance of fenbendazole and monensin, alone and in combination, over the 24-hour study 

period (Figure 3.5 and 3.6). There was a significant reduction in drug concentration within the 

blank control groups over time, which ranged from 10%-11% for monensin and 17%-25% for 

monensin and fenbendazole, respectively. However, observed differences between control and 

hepatocyte groups at 24 hours showed significantly lower concentrations in the hepatocyte 

groups (Table 3.3). Based on these results, and the validated functional characteristics in Chapter 

2, I conclude that the decrease in the test drugs in the hepatocyte group is a result of 

hepatocellular clearance.  
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Linear regression analysis is frequently used in in vitro drug clearance studies to calculate 

intrinsic clearance rates (Liston & Davis, 2017). Preliminary analysis of all data time points 

revealed the clearance of fenbendazole, as well as monensin, were quadratic in nature and not 

linear. Visual inspection of the regression data suggested the 0 and 24-hour time points were 

responsible for the quadratic component of the model; which was confirmed by removal of the 0 

and 24-hour time points and re-analysis. The initial quadratic feature is apparent in the steep drop 

in concentrations from 0-0.5 hours, which likely represents rapid drug distribution and binding of 

the drug to the culture wells or hepatocytes, along with some drug uptake into hepatocytes and 

metabolism. Limited drug remained in the culture media at 24 hours suggesting the hepatocytes 

maintained function for the duration of the study. Visual inspection of the drug clearance data 

plotted over time for both fenbendazole and monensin suggested that the 0.5-4 hour time points 

represented hepatocyte clearance of drugs that was linear, which was confirmed upon re-analysis 

with linear regression. In order to capture the linear range of drug clearance using in vitro 

systems, substantial preliminary or pilot work may be necessary for each combination of drugs 

being evaluated. The hepatocyte monolayer culture system is labour-intensive and costly, and 

may be less conducive to high-throughput studies that involve extensive optimization for each 

drug of interest compared to microsome in vitro systems.  

The results of the linear regression analysis revealed the overall rate of hepatocyte 

clearance for fenbendazole alone was faster than the rate for fenbendazole in combination with 

monensin, based on linear regression analysis and significantly different slopes for each of the 

clearance curves. No signification differences were detected with clearance of monensin alone 

versus monensin in combination with fenbendazole following linear regression analysis. 

Therefore, the data suggest that monensin is inhibiting the clearance of fenbendazole, when in 
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combination, producing a 13.3% reduction in the rate of hepatocyte clearance of fenbendazole 

compared to fenbendazole alone. The aim of the drug clearance experiments conducted in 

Chapter 3 did not include the evaluation of the underlying mechanisms of any identified drug-

drug interactions. The observed interaction between fenbendazole and monensin in the current 

studies may be at the level of the CYP enzymes responsible for drug metabolism, and/or 

hepatocyte membrane transporters involved in drug clearance (i.e. uptake transporters). Despite 

the observed interaction between the drugs, by 24 hours in culture, fenbendazole alone and in 

combination with monensin were nearly completely cleared from the culture media.  

 To determine the clinical and human food safety relevance of the inhibitory drug-drug 

interaction observed in vitro in Chapter 3 would generally require additional in vivo studies to be 

conducted in the target species. Firstly, the relationship between the drug concentrations 

employed in vitro and the concentrations of drug in vivo that are observed over time in clinical 

use can be difficult to determine (In vitro Drug Interaction Studies-Cytochrome P450 Enzyme-

and Transporter-Mediated Drug Interactions Guidance for Industry, 2020). Common 

approaches to translate non-clinical drug concentrations studied in vitro to dosing in the target 

species include allometric scaling approaches, in vivo pharmacokinetic studies, and 

physiologically-based pharmacokinetic (PBPK) models (Hosea et al., 2009; Hoshino-Yoshino et 

al., 2011; Tang & Mayersohn, 2005). Reverse translation of clinical dose to in vitro 

concentration is an additional challenge, especially with limited pharmacokinetic data for the 

drugs of interest in poultry. Furthermore, additional considerations for in vitro concentration 

selection include drug solubility, cytotoxicity, and limited organic solvent concentrations (In 

vitro Drug Interaction Studies-Cytochrome P450 Enzyme-and Transporter-Mediated Drug 

Interactions Guidance for Industry, 2020).  
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In the current studies, the concentrations of fenbendazole and monensin chosen for study 

were determined following a review of the scientific literature featuring 1µM as a mid-range 

concentration to be initially tested. However, if time permitted, the test concentrations ideally 

would include a range of 0.1X, X, and 10X, with “X” being the expected average exposure of the 

turkey liver to the drug based on residue clearance studies for the label dose of the veterinary 

approved drug, if available. For fenbendazole, a recent clearance study reported an average 

concentration of 252.67 ng/g (252.67 ppb; 0.8 µM assuming 1 ng/g is equivalent to 1 ng/mL) in 

turkeys based on the most common extra label dosing regimen used by Canadian veterinarians 

(Enouri et al., 2019). No residue clearance data is available for monensin in turkeys. However, 

the Health Canada MRL for monensin in the liver of turkeys is 50 ng/g (50 ppb; 0.07 µM) (List 

of MRLs, 2018). It is important to note that the MRL is the maximum concentration of drug 

residue that can be safely consumed by humans everyday over a lifetime, without causing 

adverse effects (Setting Standards for Maximum Residue Limits (MRLs) of Veterinary Drugs 

Used in Food-Producing Animals, 2016). Therefore, the average maximum exposure of turkeys 

to monensin is likely higher than the MRL. As such, a major limitation of in vitro to in vivo 

correlations using hepatocyte monolayer cultures is identifying a valid drug concentration for 

study in vitro that is relevant to drug exposure in the target species. The use of dose-response 

experiments covering a range (orders of magnitude) of dosages in vitro therefore can capture a 

relevant concentration of the drug of interest in the target species.  

 The dosing regimens of veterinary approved food animal drugs, and approved withdrawal 

periods, are important factors in the translation of in vitro drug-drug interaction results reported 

in the current studies to in vivo or clinical significance in turkey flocks. Despite the observed 

inhibition of fenbendazole clearance by monensin, <1% of fenbendazole remained in the culture 
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media at 24 hours in both fenbendazole alone and fenbendazole in combination with monensin 

treatment groups. It is likely that at 24 hours in culture near complete clearance of both drugs had 

occurred regardless of potential inhibition of fenbendazole by monensin, and that an 8-hour 

and/or 12-hour time point may have provided more practical information. Importantly, birds 

would be fed a combination of fenbendazole and monensin in complete feed daily, ad libitum, 

for 6-7 days resulting in continual exposure of the liver to both drugs.  Therefore, the impact of 

the in vitro findings in the current studies on risks of violative drug residues in turkeys with the 

combination of fenbendazole and monensin would require clearance studies to be conducted in 

live birds using the combination. Such studies are both labor intensive and costly to complete. 

However, the results of the current studies demonstrate the potential value of a tissue culture 

model as a high-throughput screening system evaluating the potential for drug-drug interactions 

that could yield risks for violative drug residues in the target species.    

Taken together, the primary turkey hepatocyte monolayer culture system proved effective 

at monitoring the clearance of fenbendazole and monensin and comparing differences in drug 

clearance when used in combination. Benefits of the whole cell hepatocyte system include the 

retained presence and activity of key clearance processes including CYP enzymes, cofactors and 

membrane transporters in physiologically-relevant concentrations (Zhang et al., 2012). However, 

the technical demands and intensive labour necessary to optimize and maintain this in vitro 

culture system is both significant and expensive, which may not be conducive to high-throughput 

assays for the many drug combinations of interest. Additional whole cell systems include 

hepatocyte suspensions, hepatocytes cultured in 3D-sandwich configuration between two layers 

of gel matrix, bioreactors, and co-culture systems; all of which provide advantages that retain 

endogenous characteristics and/or prevent hepatocyte de-differentiation (Khetani & Bhatia, 
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2008; Shulman & Nahmias, 2013; Zhang et al., 2012). However, whole cell models share the 

significant technical demands and challenges associated with cell culture, such as viability, 

attachment and long-term considerations to maintain cell phenotype (Khetani & Bhatia, 2008; 

Zhang et al., 2012). Alternatively, other in vitro models have been used successfully to study 

drug metabolism, including subcellular fractions (i.e. S9 and microsomal fractions) (Knights et 

al., 2016; Pohl & Fouts, 1980; Richardson et al., 2016). The reliability and high-throughput 

capability contribute to the popularity of subcellular fractions for in vitro drug metabolism 

studies (Zhang et al., 2012). The S9 fraction contains cytosolic and microsomal drug-

metabolizing enzymes, including all Phase I enzymes and some Phase II conjugation enzymes; 

while the microsomal fraction is limited to CYP enzymes (Phase I) and the primary Phase II 

enzymes, such as UDP-glucuronosyltransferases (UGTs) (Richardson et al., 2016; Zhang et al., 

2012). Both S9 and microsomal fractions are easily isolated via differential high-speed 

centrifugation and can be collected in large amounts from small liver samples, rendering them 

labor- and cost-effective. Additionally, subcellular fractions can withstand several freeze-thaw 

cycles, making them more convenient and easily manipulated (Zhang et al., 2012). However, 

subcellular fractions require the addition of exogenous factors for activity such as, NADPH 

(Phase I) and glutathione (Phase II), which limits the duration of use (Liu & Jia, 2007; Zhang et 

al., 2012). Furthermore, the use of subcellular fractions limits the scope of the in vitro system to 

metabolism mediated by the present enzymes, which varies between S9 and microsomal 

fractions (Liu & Jia, 2007). Neither system captures the influence of influx and efflux 

transporters, which can contribute to drug clearance and may be implicated in drug-drug 

interactions. However, CYP enzymes are responsible for the Phase I metabolism of most drugs 

and are particularly vulnerable to drug-drug interactions associated with polypharmacy (Lynch & 
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Price, 2007; McDonnell & Dang, 2013). Since both S9 and microsomal fractions contain CYP 

enzymes, they may be employed to evaluate potential drug-drug interactions with drugs that are 

extensively metabolized and can be used to assess risks of violative residues when drugs are used 

in combination in food-producing animals. Future work should be aimed at investigating high-

throughput alternatives to isolated hepatocyte cultures, such as microsomes, for the evaluation of 

drug-drug interactions for food-producing animals. 

Conclusion 

In conclusion, the primary turkey hepatocyte monolayer culture system retained intact 

proteins, enzyme, and processes that are involved in drug clearance including metabolism. The 

system was successfully used to monitor the clearance of fenbendazole and monensin alone and 

in combination, and to assess differences in the rates of clearance when the drugs were used in 

combination. However, other in vitro models, such as microsomes, may provide additional 

benefits that are more conducive to high-throughput assays. Regardless of the model chosen for 

study, in vitro results still require interpretation and extrapolation to the target species in vivo to 

assess clinical significance of findings in vitro. The purpose of this study, and future in vitro 

work, is to identify drug combinations resulting in drug-drug interactions for further 

investigation in in vivo studies. 
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APPENDIX I 
 

Media 

 

 

HBSS- Hank's Balanced Salt Solution  

HEPES- 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

EGTA- Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 

WEM- William’s E Medium (without L- Glutamine)     

ITS- Insulin-transferrin-sodium selenite 

BSA- Bovine Serum Albumin 

 

 

 

 

 

 

 

 

 

1. Blanching 

solution 

2. Collagenase media 3. Attachment media 

(WEM: 500 mL – 60 mL)* 

4. Serum free media 

(WEM: 500 mL – 10 

mL)* 

1. HBSS (1 X)  500mL 1. WEM                  180mL 1. WEM                             *440mL 1. WEM             *490mL 

2. EGTA (0.1 M)   5mL 2. L- Glutamine       1.8mL 2. L-Glutamine                        5mL 2. L-Glutamine        5mL 

3. HEPES (1 M)    5mL 3. HEPES (1 M)            1.8mL 3. HEPES (1 M)                         5mL 3. HEPES (1 M)         5mL 

 *Add (day of perfusion):  4. ITS                                    500µL 4. ITS                    500µL 

4. BSA (7.5%)                  192µL 5. Penicillin- Streptomycin     5mL  

5. Collagenase         108mg 

(0.6 mg/mL)* 

6. Dexamethasone (10 mM)      2.5µL 

7. Chicken serum                   50mL 
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APPENDIX II 
 

Primers 

 

 

 

 

 

 

Turkey CYP Subfamily Forward/ Reverse Primer Sequence 

1A4 Forward GGATGAGTGCCCTGAAATGA 

Reverse GTGCGAGCAGCACTACTTAT 

1A5 Forward ACAAAGTGGATGCGGAGAAG 

Reverse GGAGCAATGTGGACAGGAAA 

2C23 Forward CTGTGATCCATGAAATCCAGAGA 

Reverse TGGTGTCCTTGGGTATGAAATAG 

2C45 Forward AGAATGGCACCTTTAGGAAGAG  

Reverse GATGGCGGTCAAGAGTAAGAATA 

3A37 Forward CAGAGGAGTTCAGACCAGAAAG 

Reverse GAGCAAATCGCATCCCAATG 

GAPDH Forward CATGGCCTTCCGTGTTCCTA 

Reverse TACTTGGCAGGTTTCTCCAGG 


