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Objective: To identify the effect of glutathione (GSH) on cell survival in a novel in vitro

model of itraconazole (ITZ)-associated hepatotoxicity using canine primary hepatocytes.

Sample: Commercially sourced, cryopreserved male dog (Beagle) primary hepatocytes

from a single donor.

Procedures: Using a sandwich culture technique, canine primary hepatocytes

were exposed to serial dilutions of ITZ. Calcein AM, 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT), and neutral red were investigated as potential

cell viability assays. Hepatocytes were then pre-incubated with GSH, exposed to serial

dilutions of ITZ, and cell viability determined at 4 and 24 h post-ITZ exposure. Each

condition was performed in technical triplicate and the effect of time, GSH concentration,

and ITZ concentration on % cytotoxicity assessed using a multivariate linear regression

model. Tukey’s post-hoc test was used to detect individual differences.

Results: The neutral red cell cytotoxicity assay was chosen based on its superior

ability to detect dose-dependent changes in viability. Hepatocyte cytotoxicity significantly

increased with ITZ concentration (P < 0.001) and time (P = 0.004) and significantly

decreased with GSH treatment (P < 0.001).

Conclusions and Clinical Relevance: This in vitro model demonstrates dose- and

time-dependent ITZ-induced cytotoxicity, which is similar to clinical changes observed in

canine patients and in in vivo rodent studies. Pre-treating with GSH is protective against

in vitro cell death. These results suggest that GSH precursors may have a role in the

management or prevention of ITZ-associated hepatotoxicity in dogs. Clinical trials are

needed to evaluate their utility for this adverse drug reaction.
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INTRODUCTION

Itraconazole (ITZ) is an azole antifungal drug used to treat a
variety of fungal infections in dogs, including dermatophytosis,
malasseziosis, systemic mycoses such as blastomycosis and
histoplasmosis, and mycoses caused by opportunistic fungi (1).
The azoles’ antifungal activity is attributable to inhibition of
ergosterol by targeting the cytochrome P450-dependent sterol
14α-demethylase (2). The most commonly used azoles in
veterinary medicine are ITZ, fluconazole, and ketoconazole.
Itraconazole is more selective than ketoconazole (KTZ), leading
to fewer adverse effects, and has a broader spectrum of action
than both KTZ and fluconazole (3, 4). Additionally, ITZ is
more efficacious than ketoconazole in treating a variety of fungal
infections in animal models (5, 6).

In veterinary medicine, ITZ is effective in treating
systemic infections with Blastomyces dermatitidis, Histoplasma
capsulatum, Cryptococcus neoformans, and Coccidioides immitis,
among others (1, 7–9). These soil-borne, dimorphic fungi
have regional distributions in the United States and cause
serious, sometimes fatal disease in animals. People can also be
infected with these fungi with outbreaks occasionally occurring
concurrently in human and canine populations (10, 11). In
a study of human and canine blastomycosis cases in Illinois,
trends in incidence and distribution were similar for humans
and dogs, indicating that dogs may be a good sentinel species
for human infections (12). Because these systemic mycoses
cause significant morbidity and mortality, a safe and effective
treatment is essential.

Despite its efficacy, ITZ is associated with a number of adverse
reactions in dogs including nausea, vomiting, lethargy, anorexia,
ulcerative dermatitis, and hepatotoxicity (7, 8). Anorexia is
most common and is often associated with increases in alanine
aminotransferase (ALT). Alanine aminotransferase increases
are reported in 12–42% of dogs depending on the dose and
duration of treatment (7–9). In these studies, the definition
of hepatotoxicity varied from any increase in ALT to extreme
increases associated with the above clinical signs. Oftentimes,
ALT increase is asymptomatic; however, based on clinical
experience, hepatotoxicity leading to abnormal hepatic function
does occur. The prevalence of liver dysfunction associated with
ITZ therapy in dogs is not reported. In a systemic review and
meta-analysis of humans experiencing similar adverse reactions
to ITZ, the pooled risk of developing elevated serum liver
enzymes not requiring a treatment change was 17.4%, while
development of abnormal liver function tests necessitating
discontinuation of treatment was 1.5% (13). Although drug
discontinuation generally results in reversal of these changes in
dogs, switching antifungal drugs can negatively affect the course
of disease if alternative drugs are less effective or cause adverse
reactions. Due to its efficacy, continuing ITZ treatment while
managing hepatotoxicity may be preferred in many cases.

Mechanisms of ITZ-associated hepatotoxicity in people and
animals are poorly understood. However, data from in vitro

Abbreviations: ALT, alanine aminotransferase; DMSO, dimethyl sulfoxide; GSH,

glutathione; ITZ, itraconazole; SAMe, S-adenosyl-L-methionine.

and in vivo rodent studies implicate oxidative stress as a likely
contributor to its pathogenesis (14, 15). Of particular interest,
hepatic glutathione (GSH), an essential, endogenous antioxidant,
is depleted during ITZ administration in rats (15). Thus, GSH
depletion may have an important role in the pathogenesis of ITZ-
associated hepatotoxicity and is also a prime target for therapy.

Two GSH precursors, SAMe and N-acetylcysteine, can be
administered easily to dogs and are frequently used in veterinary
medicine. Both are documented to increase systemic GSH
concentration in this species (16, 17). In people, SAMe has been
effective in treating alcohol-induced (18) and drug-induced liver
injury (19). SAMe combined with another antioxidant, silybin,
is effective in preventing lomustine-induced hepatotoxicity in
canine cancer patients (20). This combination has also been
shown to increase GSH and decrease the production of pro-
inflammatory mediators in canine hepatocytes exposed to
acetaminophen (21, 22). N-acetylcysteine is the treatment of
choice for acetaminophen toxicosis (23) and is often used in
combination with other hepatoprotectants in dogs with liver
failure of various etiologies (24).

These successes have led to clinical recommendations for
the use of GSH precursors in the management of ITZ-
associated hepatotoxicity in dogs, despite the lack of evidence
to support efficacy in either preventing or treating this adverse
drug reaction. These products are expensive and can cause
inappetence, so scientific evidence is needed to provide a basis for
the use of GSH precursors in canine patients with ITZ-associated
hepatotoxicity. The first aim of this study was to develop an
in vitro model to assess the toxic effects of ITZ in cryopreserved
canine hepatocytes. The second aim was to evaluate the effect of
GSH on this toxicity. We hypothesized that (1) ITZ would induce
measurable cytotoxicity in primary canine hepatocytes and (2)
GSH treatment would decrease that toxicity.

MATERIALS AND METHODS

Cell Culture
The following methods were modified from protocols provided
by the supplier. Materials were obtained from ThermoFisher
Scientific (Waltham, MA) except where noted. Commercially
sourced, cryopreserved male dog (Beagle) primary hepatocytes
from a single donor were thawed in a 37◦Cwater bath for<2min
and resuspended in 50mL of thawing/plating medium (William’s
E medium with 5% fetal bovine serum, 1µM DMSO, 1%
penicillin/streptomycin, 4µg/mL human recombinant insulin,
2mM GlutaMAX, and 15mM HEPES at pH 7.4). Following
resuspension, the cells were centrifuged at 60 x g for 4min
and counted using a hemocytometer and the Trypan Blue dye
exclusion method. The cells were then plated in a sandwich
configuration onto pre-collagen I coated, sterile culture plates
and incubated at 37◦C for 4 h. After incubation, the supernatant
was discarded and cold ECM gel from Engelbreth-Holm-Swarm
murine sarcoma diluted to 0.35 mg/mL in incubation medium
(William’s E medium with 0.1µM dexamethasone in DMSO,
0.5% penicillin/streptomycin, 6.25 µg/L human recombinant
insulin, 6.25µg/mL human transferrin, 6.25 ng/mL selenous
acid, 1.25 mg/mL bovine serum albumin, 5.35µg/mL linoleic
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acid, 2mM GlutaMAX, and 15mM HEPES at pH 7.4) was
applied over the cells prior to an overnight incubation at 37◦C.

Maintenance of Cell Phenotype
To determine maintenance of biochemical phenotype,
cryopreserved primary canine hepatocytes plated as described
above were incubated for 24, 48, or 72 h. No-cell wells were
included as controls. Albumin production and maintenance
of morphologic features were assessed as these are common
markers used to evaluate hepatic phenotype in vitro (25). At
each time point, supernatants were collected and frozen at
−80◦C. Frozen supernatants were later thawed on ice and
albumin concentrations determined using a canine-specific
albumin enzyme linked immunosorbent assay kit according
to manufacturer’s instructions (Eagle Biosciences, Amherst,
NH). Absorbance was quantified using a SpectraMax iD3
multi-mode microplate reader and SoftMax Pro 7 Software
(Molecular Devices, San Jose, CA) and concentrations calculated
from a standard curve. To determine maintenance of cellular
morphology, cells were examined for polygonality and presence
of cell-to-cell junctions at 24, 48, and 72 h of incubation using the
Invitrogen EVOS XL Core Cell Imaging System (ThermoFisher
Scientific, Waltham, MA).

Cell Viability Assay Optimization
Three viability assays were trialed during model
development: calcein AM, 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), and neutral red. For
these tests, cells were cultured as described above and exposed
to 0, 2, 10, or 50µM ITZ diluted in DMSO for 4 h. DMSO
concentration was below 1% for all treatments. Cells were plated
at 5.0 × 105 cells/ml for the calcein AM assay. For the MTT and
neutral red assays, cells were plated at both 0.8 × 105 cells/ml
2.4 × 105 cells/ml to establish seeding density for subsequent
experiments. A SpectraMax iD3 multi-mode microplate reader
and SoftMax Pro 7 software (Molecular Devices, San Jose, CA)
were used to measure absorbance (O.D.) or fluorescence (RFUs)
depending on the assay. Each condition was performed in
technical triplicate and % cytotoxicity calculated as:

% cytotoxicity =
(

1−
mean valuetreatment − mean valueblank

mean valueuntreated cells − mean valueblank

)

× 100%

The first assay tested was calcein AM, which is a non-fluorescent
marker that permeates live, intact cells. Cytosolic esterases
hydrolyze calcein AM into the fluorescent molecule calcein (26).
Following incubation with ITZ, the cells were washed with
incubation medium and incubated with diluted calcein AM
(ThermoFisher Scientific; Waltham, MA) at 37◦ C for 30min.
Then, the cells were washed again, and fluorescence measured
at an excitation wavelength of 485 nm and emission wavelength
of 525 nm.

The second assay tested was MTT (ThermoFisher Scientific;
Waltham, MA). MTT is reduced by a metabolically active
cell into insoluble formazan via mitochondrial NADPH

oxidoreductase (27). Following incubation with ITZ, the cells
were washed and incubated with diluted MTT at 37◦ C for 4 h.
Formazan was then solubilized by the addition of 0.1% DMSO
and absorbance measured at 590 nm.

Lastly, neutral red uptake into lysosomes (28) was measured
using a neutral red cell cytotoxicity assay kit (BioVision; Milpitas,
CA) according to the manufacturer’s instructions. Briefly, the
cells were washed following the 4 h incubation with ITZ and
then incubated for 2 h at 37◦C with neutral red solution. The
cells were washed again before adding the provided solubilization
solution. Viable cells release neutral red into the supernatant
after solubilization, which was then measured at an absorbance
of 540 nm.

Exposure of Cells to GSH and ITZ
Following plating of cells at a density of 2.4 × 105 cells/ml and
overnight incubation with the ECM gel overlay as described
above, supernatants were removed. Cells were then treated with
100 µl of 0, 50, or 500µM GSH (Sigma-Aldrich, St. Louis,
MO) diluted in incubation medium, and incubated for 24 h.
These concentrations were chosen based on GSH concentrations
previously described for canine liver (29). After incubation,
supernatants were removed, and cells were washed with 200 µl
of incubation medium. Then cells were treated with 100 µl of
0, 2, 10, or 50µM ITZ (Sigma-Aldrich, St. Louis, MO) diluted
in incubation medium and DMSO (final concentration 1%) and
incubated for 4 or 24 h. In dogs, peak plasma concentrations of
ITZ are approximately 2µM following oral administration (30).
Intrahepatic accumulation is expected based on drug distribution
studies (31), so concentrations of up to 50µMwere investigated.
No-cell controls were included as blanks for viability assays.
Cells treated for 1 h with 2% Triton-X were used as a positive
control for cell death while untreated cells were used as a negative
control. Cells exposed to DMSO only were used as a vehicle
control and included in the analysis as the 0µM ITZ/0µM
GSH condition.

The neutral red cell cytotoxicity assay was used to determine
cell viability at 4- and 24-h post ITZ exposure. Following
neutral red solubilization, the absorbance was quantified, and
cytotoxicity calculated as described previously. Each condition
was performed in technical triplicate.

Statistical Analysis
Selection of the most appropriate viability assay was based on
demonstration of dose-dependent cytotoxicity in cells exposed
to ITZ, as this effect is expected based on clinical evidence in
dogs and experimental rodent studies (32, 33). For maintenance
of phenotype testing, an unpaired t-test was used to compare
albumin production by hepatocytes and media control wells.
Changes in cellular morphology were assessed qualitatively. For
the cytotoxicity results, the effect of time, GSH concentration,
and ITZ concentration on % cytotoxicity was assessed using a
multivariate linear regression model. Tukey’s post-hoc test was
used to detect individual differences in % cytotoxicity between
ITZ concentrations for both the 4 and 24 h data. Results are
reported as the mean ± standard deviation. All analyses were
performed using Prism 8 (GraphPad Software, San Diego, CA)

Frontiers in Veterinary Science | www.frontiersin.org 3 February 2021 | Volume 8 | Article 621732

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Kirk et al. GSH Decreases ITZ-induced Hepatocyte Death

FIGURE 1 | Phase contrast microscopy of untreated hepatocytes at 24 h (A), 48 h (B), and 72 h (C) of incubation. The cells maintained cell-to-cell adhesion (arrows)

and the polygonal morphology characteristic of hepatocytes.

and JMP 14 (SAS Institute, Cary, NC). Statistical significance was
set at P < 0.05.

RESULTS

Maintenance of Hepatic Phenotype
Albumin was detectable at all time points in significantly
greater amounts than media controls (P < 0.001). Hepatocytes
maintained cell-to-cell adhesion and their expected polygonal
morphology at all time points (Figure 1).

Cell Viability Assay Optimization
The results of cell viability optimization are presented
graphically in Figure 2.A dose-dependent increase in hepatocyte
cytotoxicity was not detected after 4 h of ITZ exposure using
calcein AM or MTT assays. In contrast, dose-dependent
cytotoxicity was detected after 4 h of ITZ exposure using the
neutral red assay. For both the MTT and neutral red assays,
overall viability was lower in cells plated at 0.8 × 105 cells/ml
compared to 2.4× 105 cells/ml.

The Effect of ITZ and GSH on
Cryopreserved Canine Hepatocytes
Cytotoxicity results are graphically presented in Figure 3.
Hepatocyte cytotoxicity significantly increased with time
(P = 0.004) and ITZ concentration (P < 0.001). Cytotoxicity
significantly decreased with increasing GSH concentration
(P < 0.001). A significant interaction was identified between
time and ITZ concentration (P = 0.014). No other significant
interactions between investigated variables were present (P =

0.306 – 0.999).
At 4 h, % cytotoxicity was greater for cells treated with 10 and

50µM ITZ vs. control (P < 0.001) and for cells treated with
10µM (P = 0.002) and 50µM (P < 0.001) vs. 2µM ITZ. At
24 h, % cytotoxicity was greater for cells treated with 2, 10, and
50µM ITZ vs. control (P < 0.001). Cytotoxicity was also greater
for cells treated with 10µM (P = 0.032) and 50µM (P = 0.013)
vs. 2µM. Thus, the effect of ITZ on % cytotoxicity appeared
to be dose-dependent at both time points. No other significant

differences were found for individual comparisons between ITZ
concentrations at either time point.

DISCUSSION

In this study, we showed that cryopreserved canine primary
hepatocytes in a sandwich culture are an appropriate in vitro
model for canine ITZ-associated hepatotoxicity. Over the course
of 72 h, cells maintained lineage-specific albumin production and
morphologic features, confirming maintenance of hepatocyte
phenotype over the course of the experiment. Detection of
cell death was best accomplished by measuring the uptake
of neutral red by viable cells. Using this detection method,
ITZ caused significant dose- and time-dependent cytotoxicity
in vitro in primary canine hepatocytes, which mimics the dose-
dependent hepatotoxicity seen in vivo (7). Comparable results
have been demonstrated in rodent models (32, 33). Pre-treatment
of the cells with GSH for 24 h prior to ITZ exposure had a
significant protective effect against ITZ-associated cytotoxicity.
These results suggest that GSH or its precursors may play a role
in preventing or treating this toxicity in vivo.

During the model development stage, we investigated three
different markers of cell viability: calcein AM, MTT, and neutral
red. Of the three viability assays, only neutral red yielded
reproducible results depicting the expected dose-dependent
increase in hepatocyte toxicity after 4 hours of ITZ exposure.
For the neutral red assay, a seeding density of 2.4 × 105 cells/ml
was selected because viability was markedly decreased at 0.8 ×

105 cells/ml, likely as a result of low signal detection. Based on
these findings, neutral red uptake with a seeding density of 2.4×
105 cells/ml appears to be the most suitable measurement of cell
viability in canine hepatocytes exposed to ITZ. This protocol was
used in our subsequent investigation of GSH and can be used in
future experiments.

We also documented a significant decrease in ITZ-induced
cytotoxicity with GSH pre-treatment. This protective effect was
most pronounced at the 4-h time point; at 24 h, there was
minimal difference between the 50 and 500µMGSH groups. The
reason for this is unknown, but it is possible that by the end of
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FIGURE 2 | Percent cytotoxicity of hepatocytes treated with ITZ for 4 h and viability detected using (A) calcein AM, (B) MTT, or (C) neutral red.

FIGURE 3 | Percent cytotoxicity of hepatocytes treated with GSH and ITZ (A) 4 h and (B) 24 h after ITZ exposure. *, significantly different from 0µM ITZ;
†
, significantly different from 2µM ITZ.

the experiment, the cells had reached their maximum capacity
to uptake or respond to GSH, regardless of the amount provided.
The protective effect of GSHwas also seen in vehicle control cells,
which likely experienced some oxidative stress attributable to the
toxic effects of the DMSO vehicle (34). The toxic effect of DMSO
is evident in Figure 3 in the 0µM ITZ treatment groups, which
contained no ITZ but were treated with the DMSO vehicle. In
the neutral red assay, cytotoxicity is normalized to an untreated
control that does not contain any additives, only culture media.
Therefore, any amount of cytotoxicity observed in the 0µM ITZ
groups represent that induced by DMSO.

The benefit of GSH pre-treatment demonstrated here
provides additional evidence that oxidative damage likely
contributes to ITZ-associated hepatotoxicity. Studies in
rodent models have demonstrated significant alterations in
hepatic redox status during ITZ treatment including increased
hepatic myeloperoxidase, nitric oxide, and malondialdehyde
as well as decreased superoxide dismutase, glutathione
peroxidase, and reduced glutathione concentrations (14, 15).
These findings, combined with the protective effect of
GSH pre-treatment documented in our study, support a

potential role for GSH in the cellular response to ITZ-
associated hepatotoxicity; however, the exact mechanism
remains unknown.

One possible mechanism for GSH to reduce cytotoxicity is
by binding and detoxifying toxic ITZ metabolites. A similar
mechanism has been proposed for KTZ hepatotoxicity in which
its metabolite is oxidized to reactive metabolites that bind hepatic
proteins (35–37). GSH significantly reduces KTZ metabolite-
protein complexes by binding the reactive sites on KTZ
derivatives, promoting elimination (38). Toxic ITZ metabolites
could be produced similarly but have yet to be identified.
ITZ undergoes extensive hepatic metabolism yielding >30
metabolites in humans (31). The major metabolite in humans
and rodents, hydroxy-ITZ (OH-ITZ), is produced by cytochrome
P450 (CYP) 3A4. OH-ITZ is also the major metabolite in canine
serum (39), suggesting that a similar but, as of yet, undefined
pathway exists in dogs. In rodents, CYP induction decreases ITZ-
associated hepatotoxicity while CYP inhibition increases toxicity,
so either the parent compound or metabolites produced by an
alternative pathway likely cause toxicity (32, 40). Interestingly,
ITZ itself is a CYP inhibitor (40–43), so it is possible that
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autoinhibition of its own metabolizing CYP enzymes could
potentiate toxicity over time.

This study sets the groundwork for additional investigation
into the use of antioxidants in ITZ-associated hepatotoxicity
in dogs. There are, however, some limitations to these in vitro
experiments. A limitation inherent to all in vitro experiments is
that our results may not reflect in vivo biologic behavior in dogs
experiencing clinical ITZ-associated hepatotoxicity. To address
this, we chose primary hepatocytes cultured in a sandwich
configuration as this is the preferred method for in vitro drug
disposition and hepatotoxicity studies (44). Hepatocytes were
pre-incubated with GSH to achieve maximum effect despite
pre-treatment not being a practical expectation in dogs requiring
immediate antifungal therapy. However, daily co-administration
of GSH precursors with ITZ in vivo is expected to provide a
long-term effect over time. Future work will also incorporate
functional parameters such as albumin production and ammonia
tolerance as well as markers of cell redox status (reduced
GSH, superoxide dismutase, catalase). Additionally, primary
hepatocytes were obtained from a single donor, so future studies
will investigate inter-individual variation in ITZ toxicity in vitro
and in vivo. We also plan to investigate the effect of GSH on ITZ
efficacy in fungal culture to determine if the antifungal effects of
ITZ are altered in an antioxidant rich environment. Lastly, the
potential beneficial effects GSH and other antioxidants in ITZ-
associated hepatotoxicity should be confirmed in clinical trials.

Here, we showed that ITZ causes dose- and time-dependent
hepatocyte toxicity in vitro. These findings demonstrate that
primary canine hepatocytes are a viable model in which to
study ITZ-associated hepatotoxicity in dogs. Neutral red uptake
appears to be the most suitable measurement of cell viability
in canine hepatocytes exposed to ITZ; this model can be used
in future studies investigating the metabolism of ITZ and the
effect of various antioxidants on toxicity. Most importantly, ITZ-
induced cytotoxicity is mitigated by pre-incubation with GSH,
suggesting a possible role for GSH or its precursors in the
management of ITZ-associated hepatotoxicity in dogs. Results of

this and future studies are critical to developing guidelines for
the rational use of antioxidants in ITZ-associated hepatotoxicity
in dogs.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the animal
study because this was an in vitro study using commercially
purchased cells.

AUTHOR’S NOTE

Some data and figures presented in this manuscript were
previously presented as an abstract at the American College of

Veterinary Pathologists Annual Meeting 2019 in San Antonio,
TX and in the Journal of the Federation of American
Societies for Experimental Biology (45). The content of
this manuscript has been published as part of the thesis
of NK (46).

AUTHOR CONTRIBUTIONS

NK and JR contributed to study design, sample collection, data
analysis, and manuscript preparation. MV and KS contributed
to study design and approved the final manuscript. All authors
contributed to and approved the final manuscript.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Bahaa Fadl-Alla and
Soon Oh for technical assistance and Dr. Keith Bailey for
manuscript review.

REFERENCES

1. Greene CE. Antifungal Chemotherapy. In: Green CE, editor. Infect. Dis. Dog

Cat. 4th ed. St. Louis: Elsevier Saunders (2012). p. 579–88.

2. Vanden Bossche H. Biochemical targets for antifungal azole derivatives:

hypothesis on the mode of action. In: McGinnis M, editor. Curr.

Top. Med. Mycol., vol. 1, New York, NY: Springer-Verlag (1985).

doi: 10.1007/978-1-4613-9547-8_12

3. Van Cutsem J, Gerven F, Janssen P. The in vitro and in vivo antifungal activity

of itraconazole. In: Fromtling R, editor. Recent Trends Discov. Dev. Eval.

Antifung. Agents. Barcelona: J.R. Prouse Science Publishers (1987). p. 177–92.

4. Vanden Bossche H, Marichal P, Gorrens J, Coene MC. Biochemical basis for

the activity and selectivity of oral antifungal drugs. Br J Clin Pract Suppl.

(1990) 71:41–6.

5. Van Cutsem J, Fransen J, Janssen PA. Therapeutic efficacy of itraconazole

in systemic candidosis in guinea pigs. Chemotherapy. (1987) 33:52–60.

doi: 10.1159/000238475

6. Van Cutsem J, Van Gerven F, Janssen PA. Activity of orally, topically,

and parenterally administered itraconazole in the treatment of superficial

and deep mycoses: animal models. Rev Infect Dis. (1987) 9:S15–32.

doi: 10.1093/clinids/9.Supplement_1.S15

7. Legendre AM, Rohrbach BW, Toal RL, Rinaldi MG, Grace LL, Jones JB.

Treatment of Blastomycosis With Itraconazole in 112 Dogs. J Vet Intern Med.

(1996) 10:365–71. doi: 10.1111/j.1939-1676.1996.tb02082.x

8. Mazepa ASW, Trepanier LA, Foy DS. Retrospective comparison of the efficacy

of fluconazole or itraconazole for the treatment of systemic blastomycosis in

dogs. J Vet InternMed. (2011) 25:440–5. doi: 10.1111/j.1939-1676.2011.0710.x

9. Wilson AG, KuKanich KS, Hanzlicek AS, Payton ME. Clinical signs,

treatment, and prognostic factors for dogs with histoplasmosis. J Am Vet Med

Assoc. (2018) 252:201–9. doi: 10.2460/javma.252.2.201

10. Davies S. Concurrent human and canine histoplasmosis from cutting decayed

wood. Ann Intern Med. (1990):113–252.

11. MacDonald PDM, Langley RL, Gerkin SR, Torok MR, MacCormack JN.

Human and canine pulmonary blastomycosis, North Carolina, 2001–2002.

Emerg Infect Dis. (2006) 12:1242–4. doi: 10.3201/eid1708.050781

12. Herrmann JA, Kostiuk SL, Dworkin MS, Johnson YJ. Temporal and spatial

distribution of blastomycosis cases among humans and dogs in Illinois (2001–

2007). J Am Vet Med Assoc. (2011) 239:335–43. doi: 10.2460/javma.239.3.335

Frontiers in Veterinary Science | www.frontiersin.org 6 February 2021 | Volume 8 | Article 621732

https://doi.org/10.1007/978-1-4613-9547-8_12
https://doi.org/10.1159/000238475
https://doi.org/10.1093/clinids/9.Supplement_1.S15
https://doi.org/10.1111/j.1939-1676.1996.tb02082.x
https://doi.org/10.1111/j.1939-1676.2011.0710.x
https://doi.org/10.2460/javma.252.2.201
https://doi.org/10.3201/eid1708.050781
https://doi.org/10.2460/javma.239.3.335
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Kirk et al. GSH Decreases ITZ-induced Hepatocyte Death

13. Wang J-L, Chang C-H, Young-Xu Y, Chan KA. Systematic review and meta-

analysis of the tolerability and hepatotoxicity of antifungals in empirical and

definitive therapy for invasive fungal infection. Antimicrob Agents Chemother.

(2010) 54:2409–19. doi: 10.1128/AAC.01657-09

14. Sozen H, Celik OI, Cetin ES, Yilmaz N, Aksozek A, Topal Y, et al.

Evaluation of the protective effect of silibinin in rats with liver damage

caused by itraconazole. Cell Biochem Biophys. (2015) 71:1215–23.

doi: 10.1007/s12013-014-0331-8

15. El-Shershaby A-F, Dakrory AI, El-Dakdoky MH, Ibrahim J, Kassem F.

Biomonitoring of the genotoxic and hepatotoxic effects and oxidative stress

potentials of itraconazole in pregnant rats. Birth Defects Res B Dev Reprod

Toxicol. (2015) 104:55–64. doi: 10.1002/bdrb.21138

16. Center SA, Warner KL, McCabe J, Foureman P, Hoffmann WE, Erb

HN. Evaluation of the influence of S-adenosylmethionine on systemic and

hepatic effects of prednisolone in dogs. Am J Vet Res. (2005) 66:330–41.

doi: 10.2460/ajvr.2005.66.330

17. Viviano KR, VanderWielen B. Effect of N-acetylcysteine supplementation

on intracellular glutathione, urine isoprostanes, clinical score, and

survival in hospitalized ill dogs. J Vet Intern Med. (2013) 27:250–8.

doi: 10.1111/jvim.12048

18. Mato JM, Cámara J, Fernández de Paz J, Caballería L, Coll S, Caballero

A, et al. S-adenosylmethionine in alcoholic liver cirrhosis: a randomized,

placebo-controlled, double-blind, multicenter clinical trial. J Hepatol. (1999)

30:1081–9. doi: 10.1016/S0168-8278(99)80263-3

19. Vincenzi B, Daniele S, Frezza AM, Berti P, Vespasiani U, Picardi A, et al.

The role of S-adenosylmethionine in preventing oxaliplatin-induced liver

toxicity: a retrospective analysis in metastatic colorectal cancer patients

treated with bevacizumab plus oxaliplatin-based regimen. Support Care

Cancer Off J Multinatl Assoc Support Care Cancer. (2012) 20:135–9.

doi: 10.1007/s00520-010-1078-4

20. Skorupski KA, Hammond GM, Irish AM, Kent MS, Guerrero

TA, Rodriguez CO, et al. Prospective randomized clinical trial

assessing the efficacy of denamarin for prevention of CCNU-induced

hepatopathy in tumor-bearing dogs. J Vet Intern Med. (2011) 25:838–45.

doi: 10.1111/j.1939-1676.2011.0743.x

21. Au AY, Hasenwinkel JM, Frondoza CG. Silybin inhibits interleukin-

1β-induced production of pro-inflammatory mediators in canine

hepatocyte cultures. J Vet Pharmacol Ther. (2011) 34:120–9.

doi: 10.1111/j.1365-2885.2010.01200.x

22. Au AY, Hasenwinkel JM, Frondoza CG. Hepatoprotective effects of S-

adenosylmethionine and silybin on canine hepatocytes in vitro. J Anim Physiol

Anim Nutr. (2013) 97:331–41. doi: 10.1111/j.1439-0396.2012.01275.x

23. Webster CRL, Cooper J. Therapeutic use of cytoprotective agents in canine

and feline hepatobiliary disease. veterinary clinics of North America. Small

Animal Pract. (2009) 39:631–52. doi: 10.1016/j.cvsm.2009.02.002

24. Weingarten MA, Sande AA. Acute liver failure in dogs and cats. J Vet Emerg

Crit Care. (2015) 25:455–73. doi: 10.1111/vec.12304

25. Ware BR, Durham MJ, Monckton CP, Khetani SR. A cell culture

platform to maintain long-term phenotype of primary human hepatocytes

and endothelial cells. Cell Mol Gastroenterol Hepatol. (2018) 5:187–207.

doi: 10.1016/j.jcmgh.2017.11.007

26. Weston SA, Parish CR. New fluorescent dyes for lymphocyte migration

studies: analysis by flow cytometry and fluorescence microscopy. J Immunol

Methods. (1990) 133:87–97. doi: 10.1016/0022-1759(90)90322-M

27. Stockert JC, Horobin RW, Colombo LL, Blázquez-Castro A. Tetrazolium

salts and formazan products in cell biology: viability assessment, fluorescence

imaging, and labeling perspectives. Acta Histochem. (2018) 120:159–67.

doi: 10.1016/j.acthis.2018.02.005

28. Repetto G, del Peso A, Zurita JL. Neutral red uptake assay for

the estimation of cell viability/cytotoxicity. Nat Prot. (2008) 3:1125–31.

doi: 10.1038/nprot.2008.75

29. Dedeaux AM, Flesner BK, Reinhart JM, Langohr IM, Husnik R, Geraci

SN, et al. Biochemical, functional, and histopathologic characterization of

lomustine-induced liver injury in dogs. Am J Vet Res. (2020) 81:810–20.

doi: 10.2460/ajvr.81.10.810

30. Mawby DI, Whittemore JC, Genger S, Papich MG. Bioequivalence of orally

administered generic, compounded, and innovator-formulated itraconazole

in healthy dogs. J Vet Intern Med. (2014) 28:72–7. doi: 10.1111/jvim.

12219

31. Food and Drug Administration. Pharmacology Review(s) of Itraconazole.

Washington, DC: U.S. Government Publishing Office (1992).

32. Somchit N, Hasim S, Samsudin S. Itraconazole and fluconazole-induced

toxicity in rat hepatocytes: a comparative in vitro study. Hum Exp Toxicol.

(2002) 21:43–8. doi: 10.1191/0960327102ht208oa

33. Somchit N, Ngee CS, Yaakob A, Ahmad Z, Zakaria ZA. Effects of cytochrome

p450 inhibitors on itraconazole and fluconazole induced cytotoxicity in

hepatocytes. J Toxicol. (2009) 2009:912320. doi: 10.1155/2009/912320

34. Sumida K, Igarashi Y, Toritsuka N, Matsushita T, Abe-Tomizawa K, Aoki M,

et al. Effects of DMSO on gene expression in human and rat hepatocytes.Hum

Exp Toxicol. (2011) 30:1701–9. doi: 10.1177/0960327111399325

35. Rodriguez RJ, Acosta D. N-Deacetyl ketoconazole-induced hepatotoxicity in

a primary culture system of rat hepatocytes. Toxicology. (1997) 117:123–31.

doi: 10.1016/S0300-483X(96)03560-3

36. Rodriguez RJ, Acosta D. Metabolism of ketoconazole and deacetylated

ketoconazole by rat hepatic microsomes and flavin-containing

monooxygenases. Drug Metab Dispos. (1997) 25:772–7.

37. Rodriguez RJ, Proteau PJ, Marquez BL, Hetherington CL, Buckholz CJ,

O’Connell KL. Flavin-containing monooxygenase-mediated metabolism of

N-deacetyl ketoconazole by rat hepatic microsomes. Drug Metab Dispos Biol

Fate Chem. (1999) 27:880–6.

38. Rodriguez RJ, Buckholz CJ. Hepatotoxicity of ketoconazole in Sprague-

Dawley rats: glutathione depletion, flavin-containing monooxygenases-

mediated bioactivation and hepatic covalent binding.Xenobiotica Fate Foreign

Compd Biol Syst. (2003) 33:429–41. doi: 10.1080/0049825031000072243

39. Yoo SD, Kang E, Shin BS, Jun H, Lee S-H, Lee KC, et al. Interspecies

comparison of the oral absorption of itraconazole in laboratory

animals. Arch Pharm Res. (2002) 25:387–91. doi: 10.1007/BF029

76644

40. Somchit N, Wong CW, Zuraini A, Bustamam AA, Hasiah AH, Khairi HM,

et al. Involvement of phenobarbital and SKF 525A in the hepatotoxicity of

antifungal drugs itraconazole and fluconazole in rats. Drug Chem Toxicol.

(2006) 29:237–53. doi: 10.1080/01480540600651535

41. Back DJ, Tjia JF. Comparative effects of the antimycotic drugs ketoconazole,

fluconazole, itraconazole and terbinafine on the metabolism of cyclosporin

by human liver microsomes. Br J Clin Pharmacol. (1991) 32:624–6.

doi: 10.1111/j.1365-2125.1991.tb03963.x

42. Isoherranen N, Kunze KL, Allen KE, Nelson WL, Thummel KE. Role of

itraconazole metabolites in CYP3A4 inhibition. Drug Metab Dispos Biol Fate

Chem. (2004) 32:1121–31. doi: 10.1124/dmd.104.000315

43. Florea NR, Capitano B, Nightingale CH, Hull D, Leitz GJ, Nicolau

DP. Beneficial pharmacokinetic interaction between cyclosporine and

itraconazole in renal transplant recipients. Transplant Proc. (2003) 35:2873–7.

doi: 10.1016/j.transproceed.2003.10.058

44. Keemink J, Oorts M, Annaert P. Primary Hepatocytes in Sandwich

Culture. Methods Mol Biol Clifton NJ. (2015) 1250:175–88.

doi: 10.1007/978-1-4939-2074-7_12

45. Kirk NM, Vieson MD, Selting KA, Reinhart JM. The effect of glutathione on

itraconazole-associated hepatocyte toxicity in an in vitro caninemodel. FASEB

J. (2020) 34:2199. doi: 10.1096/fasebj.2020.34.s1.02119

46. Kirk NM. The use of glutathione in canine itraconazole-associated

hepatotoxicity [Master’s thesis]. Urbana, IL: University of Illinois at

Urbana-Champaign (2020).

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Kirk, Vieson, Selting and Reinhart. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Veterinary Science | www.frontiersin.org 7 February 2021 | Volume 8 | Article 621732

https://doi.org/10.1128/AAC.01657-09
https://doi.org/10.1007/s12013-014-0331-8
https://doi.org/10.1002/bdrb.21138
https://doi.org/10.2460/ajvr.2005.66.330
https://doi.org/10.1111/jvim.12048
https://doi.org/10.1016/S0168-8278(99)80263-3
https://doi.org/10.1007/s00520-010-1078-4
https://doi.org/10.1111/j.1939-1676.2011.0743.x
https://doi.org/10.1111/j.1365-2885.2010.01200.x
https://doi.org/10.1111/j.1439-0396.2012.01275.x
https://doi.org/10.1016/j.cvsm.2009.02.002
https://doi.org/10.1111/vec.12304
https://doi.org/10.1016/j.jcmgh.2017.11.007
https://doi.org/10.1016/0022-1759(90)90322-M
https://doi.org/10.1016/j.acthis.2018.02.005
https://doi.org/10.1038/nprot.2008.75
https://doi.org/10.2460/ajvr.81.10.810
https://doi.org/10.1111/jvim.12219
https://doi.org/10.1191/0960327102ht208oa
https://doi.org/10.1155/2009/912320
https://doi.org/10.1177/0960327111399325
https://doi.org/10.1016/S0300-483X(96)03560-3
https://doi.org/10.1080/0049825031000072243
https://doi.org/10.1007/BF02976644
https://doi.org/10.1080/01480540600651535
https://doi.org/10.1111/j.1365-2125.1991.tb03963.x
https://doi.org/10.1124/dmd.104.000315
https://doi.org/10.1016/j.transproceed.2003.10.058
https://doi.org/10.1007/978-1-4939-2074-7_12
https://doi.org/10.1096/fasebj.2020.34.s1.02119
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Cytotoxicity of Cultured Canine Primary Hepatocytes Exposed to Itraconazole Is Decreased by Pre-treatment With Glutathione
	Introduction
	Materials and Methods
	Cell Culture
	Maintenance of Cell Phenotype
	Cell Viability Assay Optimization
	Exposure of Cells to GSH and ITZ
	Statistical Analysis

	Results
	Maintenance of Hepatic Phenotype
	Cell Viability Assay Optimization
	The Effect of ITZ and GSH on Cryopreserved Canine Hepatocytes

	Discussion
	Data Availability Statement
	Ethics Statement
	Author's Note
	Author Contributions
	Acknowledgments
	References


