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KEY POINTS

e Drug-induced liver injury (DILI) is underrecognized in small animals and requires a thor-
ough clinical history to make a diagnosis.

e DILI can be intrinsic, which is generally dose-dependent, or idiosyncratic, which occurs at
normal doses and affects only a small proportion of individuals.

e Many idiosyncratic DILIs are thought to be immune-mediated and may have genetic
predispositions.

e Diagnosis of DILI remains dependent on identifying consistent clinical features of the in-
dividual drug toxicity and clinical improvement after drug discontinuation.

INTRODUCTION

Drug-induced liver injury (DILI) is an underrecognized cause of hepatic disease in small
animal medicine. To correctly identify cases, the clinician must have a high level of
suspicion for drug-related illness. This requires a thorough drug history including sup-
plements and herbal preparations as well as assessment for possible inadvertent
exposure. Diagnosis also requires an understanding of the hepatotoxic potential of
various drugs; the incidence of DILI for most individual drugs is low, which may falsely
decrease the index of suspicion. A final barrier to identification is that DILI has no
pathognomonic findings to differentiate it from other causes of liver injury and presents
with a wide range of clinical and histopathologic phenotypes. Thus, diagnosis must
rely on ruling out other hepatic diseases, a temporal association with drug exposure,
and appropriate response to dechallenge. Although DILI typically resolves within a few
weeks of discontinuing the offending drug, it can have severe consequences if left un-
treated.” In humans, DILI is the leading cause of acute liver failure with transplant-free
survival rates of 22% to 75%.2 Thus, by improving our understanding and awareness
of this disease, we can increase early identification of DILI in veterinary patients.
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Abbreviations

DiLI drug-induced liver injury

NAPQI N-acetyl-p-benzoquinone imine

NSAIDs  nonsteroidal anti-inflammatory drugs

PTPN22  protein tyrosine phosphatase nonreceptor type 22
RUCAM  Roussel Uclaf Causality Assessment Method

TPMT thiopurine-methyltransferase

ULN upper limits of normal

CLASSIFICATION AND PATHOGENESIS

DILI is divided into 2 types based on clinical features and pathogenesis: intrinsic and
idiosyncratic (Table 1). Intrinsic DILI is a dose-dependent and time-dependent toxicity
in which the parent drug or a metabolite causes direct damage to hepatocytes, impair-
ing function and leading to cell death. It is dose-dependent in that the risk of toxicity
increases with dose, and most members of an exposed population will demonstrate
hepatotoxicity given a sufficient dose. Clinical signs of intrinsic DILI usually occur
soon after exposure (days) making identification of toxicity relatively easy, as long
as the exposure is identified. In many situations, therapy with the offending drug
can be safely reinstituted at a lower dose once the hepatic damage has resolved.
Therapeutic drug monitoring may also be useful in predicting and preventing these re-
actions for drugs with a narrow therapeutic index.

The prototypic intrinsic DILI is acetaminophen toxicity. Acetaminophen is metabo-
lized by the cytochrome P450 enzyme system to N-acetyl-p-benzoquinone imine
(NAPQI), an oxidative metabolite that depletes intracellular glutathione and causes
centrilobular hepatic necrosis. More recent studies have identified the activation of
procell death signaling via NAPQI binding mitochondrial proteins as well as the initia-
tion of adaptive cellular defense mechanisms. Therefore, intrinsic DILI is more than a
simple, passive toxicity but involves an active cellular response.®

In contrast to the intrinsic form, idiosyncratic DILI is unpredictable and more difficult
to diagnose because it only occurs in a small proportion of exposed individuals. Idio-
syncratic DILI generally exhibits a latency period, which may be anywhere from a few
days to months between drug exposure and development of clinical signs. Thus, it is
possible that therapy with offending medication may have been discontinued for a

Table 1
Characteristics of intrinsic and idiosyncratic drug-induced liver injury
Characteristic Intrinsic Idiosyncratic
Predictable Yes, therapeutic drug monitoring No
may be useful
Dose-dependent Yes No, but threshold exposure
may be required
Onset of clinical signs Short (days) Long (days to months)
Management Dose reduction (for subclinical Permanent drug
disease), drug holiday with discontinuation

reinstitution at a lower dose
(for clinical disease)

Mechanism Direct damage from parent drug Direct damage from
or metabolite metabolite (usually) and/or

immune-mediated damage
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significant period prior to illness, emphasizing the need for a thorough drug history.
Although idiosyncratic DILI is classically considered dose-independent, studies in
people have demonstrated that drugs dosed above 50 mg per day have higher rates
of idiosyncratic DILI than those dosed below this cutoff.* Furthermore, higher daily
dosages lead to shorter latencies and higher mortality rates when idiosyncratic DILI
does occur.® These results have been interpreted as a possible minimum threshold
of drug exposure required to trigger the reaction rather than true dose-dependency.
Nevertheless, because a strict dose—response relationship is not present for idiosyn-
cratic reactions, once a patient has experienced hepatotoxicity, they should never be
re-exposed to that drug because of the risk for reoccurrence.

Idiosyncratic DILI has been referred to as a drug “allergy” or hypersensitivity reac-
tion, but this is an oversimplification, and an adaptive immune response has not been
demonstrated for all drugs. Most drugs that cause idiosyncratic DILI undergo hepatic
metabolism to reactive forms that covalently bind cellular proteins and cause oxidative
stress. Thus, there is a shared pathogenesis between the intrinsic and idiosyncratic
forms. However, in some cases of idiosyncratic DILI, that drug—protein binding forms
neoantigens that elicit an immune-mediated response. Because of its location in the
portal circulation, the liver has an overall tendency toward immunotolerance. In
patients that develop idiosyncratic reactions, costimulatory factors including cyto-
kines produced by the innate immune system and danger-associated molecular pat-
terns derived from oxidative damage of drug adducts shift the adaptive milieu to
immunoactivation. This results in a self-propagating cycle of immune-mediated tissue
damage.’

Genetic factors may play an important role in the development of idiosyncratic DILI.
Many human studies have identified associations between DILI and individual genetic
variants in drug metabolizing enzymes and transporters.® Similarly, a single nucleotide
polymorphism in the cytochrome b5 reductase gene has been linked to sulfonamide
hypersensitivity in dogs.” It is presumed that these predisposing variants cause higher
intrahepatic concentrations of reactive metabolites, which increase the risk for drug
toxicity. Although these initial associations between idiosyncratic DILI and individual
genes related to xenobiotic biotransformation appeared promising, most could not
be confirmed with pharmacogenomic approaches.® Instead, genome-wide associa-
tion studies in humans have identified polymorphisms in multiple immunologic genes
as risk factors for DILI from various drugs. Most commonly implicated are human
leukocyte antigens, which present antigen on the cell membrane for evaluation by
the immune system. This emphasizes the role of neoantigen formation and recognition
in DILI pathogenesis. Most genetic variants associated with DILI are unique to a spe-
cific drug or drug class. However, a polymorphism in the protein tyrosine phosphatase
nonreceptor type 22 (PTPN22) is linked to DILI in people across multiple drugs.®
PTPN22 is thought to participate in T-cell response regulation, so this may represent
a common pathway for immune activation by drug adducts. Genes with immunologic
function have not yet been investigated in DILI in dogs and cats. However, polymor-
phisms in the dog leukocyte antigen genes and canine PTPN22 have been associated
with a variety of other immune-mediated conditions including symmetric lupoid ony-
chodystrophy, '° chronic enteropathy,’’ Addison’s disease,'? and atopy, '® so a similar
association with DILI appears possible.

Athird category of “indirect DILI” has recently been proposed in human medicine.” In
indirect DILI, hepatic damage results from the mechanism of action of the drug (“what
the drug does”) rather than an adverse reaction to the drug or its metabolite (“what the
drug is”). Most drugs in this category interact with the immune system and disrupt
normal immunoregulation leading to immune-mediated hepatitis. Examples include
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immune-checkpoint inhibitors and protein kinase inhibitors. Few drugs in these classes
currently exist in veterinary medicine. However, as new therapeutics are developed,
particularly in the field of veterinary oncology, clinicians should be aware of the possi-
bility of such reactions.

DIAGNOSIS OF DRUG-INDUCED LIVER INJURY

Clinical diagnosis of DILI can be quite difficult. Definitive diagnosis requires drug
rechallenge wherein therapy with the offending drug is reinstituted and relapse of clin-
ical signs indicates a positive response. However, drug rechallenge is impractical and
ethically dubious, so we must rely upon other diagnostic methods. An understanding
of typical biochemical and histologic patterns for individual drug culprits can be helpful
when evaluating possible DILI cases. In human medicine, an R value is used to classify
DILI, and the same approach has been recommended in veterinary texts.' The R
value is the ratio of the -fold increase of alanine transaminase (ALT) and alkaline phos-
phatase (ALP) over their respective upper limits of normal (ULN):

_ ALT/ULNgt
~ ALP/ULNpp

An R greater than 5 is indicative of hepatocellular DILI; an R less than 2 is indicative
of cholestatic DILI; and R = 2 to 5 constitutes mixed DILI. Concurrent use of drugs that
cause benign increases in liver enzyme activities (eg, glucocorticoids and phenobar-
bital) can obscure biochemical detection of DILI and complicate the interpretation of
an R value. The utility of liver biopsy for DILI diagnosis is somewhat controversial. Bi-
opsy can rule out some hepatopathies including neoplasia and certain infections.
Additionally, many offending drug toxicities have classic histologic appearances,
which can help establish a causative link between exposure and disease. However,
no histologic findings are pathognomonic for DILI, so other causes of the lesion
must still be ruled out before a diagnosis can be made.

Routine biochemical and histologic testing can characterize damage and severity
but lack specificity for diagnosing DILI (Fig. 1). Development of novel biomarkers for
DILI is an active area of research in the field and has encompassed a wide variety
of methods including pharmacogenetic markers, metabolomics screens, and drug-
specific immunologic testing.'® Unfortunately, thus far, most of these tests do not
perform well enough for clinical application. Therefore, the integration of clinical

Fig. 1. Histologic image of the liver from a dog with suspected drug-induced liver injury.
Multifocal to coalescing areas of coagulative to liquefactive necrosis in periportal to midzo-
nal hepatocytes. While common in cases of acute drug-induced liver injury, they are not spe-
cific findings and can also be associated with other etiologies.
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information remains the best strategy for making a DILI diagnosis. To assist with this
process, several causality scoring systems have been proposed in human medi-
cine.’®'” The current standard for DILI diagnosis via causality assessment is the
Roussel Uclaf Causality Assessment Method (RUCAM)."® The RUCAM uses separate
scoring systems for hepatocellular and cholestatic/mixed injury and divides the likeli-
hood of DILI into excluded, unlikely, possible, probable, and highly probable. Each
case is scored on the following 7 items:

Time to onset from first exposure

Course of ALT/ALP after cessation of drug

Risk factors (alcohol use, age, and pregnancy status)

Concomitant drug or herbal use

Search for alternative causes (infectious serology/polymerase chain reaction, im-
aging, and concurrent disease)

Hepatotoxic potential of the drug

e Response to unintentional re-exposure

Application of the RUCAM to veterinary patients would require modification and
validation. However, it does address the major factors that should be considered
when evaluating the possibility of DILI, and so could be used as a qualitative schema
by veterinarians for individual patients.

HEPATOTOXICITY OF SELECT VETERINARY DRUGS

DILI is difficult to study in veterinary medicine because of underrecognition and low
case numbers reported in the literature. Although a multitude of drugs are known or
suspected to cause liver injury in dogs and cats (Table 2), these toxicities are often
poorly characterized. There are many drugs that cause mild-to-moderate liver enzyme
increases in dogs and cats but uncommonly cause clinical illness. Authors disagree
about when cases should be considered true liver injury and which cases require inter-
vention. Because of limited information in veterinary species, classification of intrinsic

Table 2
Drugs known or suspected to cause drug-induced liver injury in dogs and cats

Probable Intrinsic DILI

Probable Idiosyncratic DILI

Acetaminophen
Amiodarone
Azathioprine

Azole antifungals
Cyclosporine
Doxycycline
Glipizide (cat)
Halothane/methoxyflurane
Leflunomide (dog)
Lomustine (dogs)
Methotrexate (dogs)
Phenobarbital (dogs)
Primidone (dogs)
Rifampin (dogs)
Stanozolol (cats)
Thiacetarsamide
Toceranib

Beta-lactam antibiotics
Diazepam (cats)
Felbamate (dogs)
Glucocorticoids (dogs)
Griseofulvin (cats)
Imidocarb (dogs)
Mebendazole (dogs)
Methimazole (cats)
Mitotane (dogs)
Mycophenolate
NSAIDs (dogs)
Phenytoin (dogs)
Rivaroxaban (dogs)
Sulfonamide antibiotics (dogs)
Terbinafine (dogs)
Trazodone (dogs)
Zonisamide (dogs)

Unless otherwise indicated, toxicity may occur in both species. This list is nonexhaustive.
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versus idiosyncratic DILI can be difficult. Hepatotoxicities that occur somewhat
commonly or have evidence of dose-dependency are usually classified as intrinsic.
However, in light of the possible need for a threshold dose in idiosyncratic toxicity,
some of these classifications should be revisited.

Azathioprine

Azathioprine-associated DILI is characterized by a hepatocellular, cholestatic, or often
mixed hepatic enzyme pattern with or without hyperbilirubinemia and clinical signs of
hepatopathy. In dogs, it has a prevalence of 15% and is a dose-dependent reaction;
dose reductions can stabilize or improve ALT and ALP activities.'®'® Azathioprine
treatment in dogs is routinely tapered from its initial starting dose of 2 mg/kg/d to
0.5 to 1 mg/kg daily or every other day over the first few weeks of treatment.?° DILI
generally occurs within the first 4 weeks of therapy so this should be a period of
increased monitoring and, if DILI is detected, a rapid dose reduction should be insti-
tuted. This timeframe is in contrast to that of myelotoxicity, which is also a dose-
dependent adverse effect of azathioprine, but tends to occur weeks to months into
therapy.®

Azathioprine undergoes complex metabolism in the liver. Hepatotoxicity is thought
to be mediated by the 6-methylmercaptopurine metabolite, which is generated by the
enzyme thiopurine-methyltransferase (TPMT).?" In people and dogs, TPMT activity is
variable across the population, which suggests there could be genetic predispositions
to azathioprine-associated DILI, but this has not been documented.?’-?? As a species,
cats have extremely low TPMT activity, which might protect them from hepatoxicity,
but puts them at high risk for myelotoxicity.>® Hence, azathioprine should be used
with extreme caution in cats.

Azole Antifungals

All azole antifungal drugs have the potential to cause DILI in small animals and routine
biochemical monitoring is recommended. Most commonly, hepatotoxicity manifests
as mild-to-moderate increases in ALT and/or ALP without clinical signs. However, se-
vere, clinical hepatic disease with hyperbilirubinemia and hepatic dysfunction can
occur. It is unclear whether these presentations represent a continuum of disease
or are distinct toxicity syndromes. Azole-associated DILI is considered a dose-
dependent hepatotoxicity, and this has been demonstrated for itraconazole in dogs.
Legendre and colleagues®* prospectively treated 112 dogs with blastomycosis with
5 mg/kg versus 10 mg/kg itraconazole daily. After 30 days of treatment, 60% of
dogs receiving the high dose had increased ALT whereas only 12% receiving the
low dose had increased ALT. Results were similar for ALP and both enzyme activities
were positively correlated with serum itraconazole concentrations. Despite the differ-
ence in dose, there was no significant difference in cure (54.3% vs 53.6%) or relapse
(20% vs 21.4%) rates between groups, which is why 5 mg/kg/d is the recommended
starting dose for itraconazole when treating canine blastomycosis.

The mechanism of hepatotoxicity of azole antifungals is poorly understood and may
depend on the individual drug. Ketoconazole-associated DILI is thought to be caused
by an oxidative metabolite, N-deacetyl-ketoconazole; however, itraconazole, a parent
drug, appears to be more hepatotoxic than any of its known metabolites.?>?°
Comparing between azole drugs, the imidazoles, including ketoconazole, are consid-
ered more hepatotoxic than the triazoles based on rodent and human studies.?”-28
However, a veterinary retrospective study found that ALT increases rarely occurred
in dogs prescribed ketoconazole for dermatologic disease.?® Among the triazoles,
itraconazole is more commonly associated with DILI than fluconazole in people,
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with liver enzyme increases occurring in 18.9% versus 10.0%, respectively. In a study
of canine blastomycosis, 26% of dogs treated with itraconazole had increased ALT
compared with 17% of dogs treated with fluconazole, but this difference was not sta-
tistically significant.*° A similar trend was seen for dogs with histoplasmosis treated
with itraconazole versus fluconazole.®" Increased liver enzyme activity associated
with itraconazole may improve or resolve after switching to fluconazole therapy.®'°?
Dose-reduction can also be an effective strategy, and therapeutic drug monitoring
may be a useful tool for this approach.®? The incidences of hepatotoxicity associated
with voriconazole, posaconazole, and isavuconazole are unknown in dogs and cats,
but DILI is a known adverse effect of all 3 drugs in people.33-3°

Carprofen

DILlis anidiosyncratic adverse effect of nonsteroidal anti-inflammatory drugs (NSAIDs),
and carprofen is the most commonly implicated. Most dogs with carprofen-associated
DILI present within 5 to 30 days of drug initiation, but chronic cases (2-6 months) are
reported. Clinical signs are generally nonspecific, and the biochemistry is characterized
by a hepatocellular to mixed liver enzyme pattern. Hyperbilirubinemia occurs in most
cases and ranges from mild to severe. Acute hepatic necrosis is the primary histologic
lesion accompanied by varying degrees of neutrophilic or lymphocytic inflammation,
fibrosis, and biliary hyperplasia. The prognosis for carprofen-associated DILI is gener-
ally good with approximately 80% survival in one study. In survivors, clinical signs
resolve with a few days of drug discontinuation and biochemical abnormalities reach
normal or near-normal values by 1 to 3 months.3¢

Despite widespread concern, carprofen-associated DILI is quite rare. In 2 large-
scale studies, hepatotoxicity occurred in 2 out of 805 and 0 out of 110 dogs.>"*®
The manufacturer has estimated the incidence at 1.4 cases per 10,000 dogs. Labrador
retrievers were overrepresented in the initial case series of carprofen-associated DILI
(13 out of 21 dogs).* However, it is now believed that this may be due to the popularity
of the breed in the United States and their propensity to develop osteoarthritis, rather
than a true breed predisposition.

Diazepam

First reported in the 1990s, oral diazepam has been linked to acute hepatic necrosis in
cats. The true incidence of this adverse drug reaction is unknown but is likely low as
the toxicity is considered idiosyncratic in nature. In 2 case series, clinical signs of leth-
argy, ataxia, and anorexia began 5 to 13 days after the initiation of treatment.3%:4°
Diazepam-associated DILI is characterized by severely increased hepatocellular
enzyme activities (ALT and aspartate transaminase [AST]) with normal to modest in-
creases in cholestatic enzymes (ALP and gamma-glutamyl! transferase [GGT]) and
moderate hyperbilirubinemia. Biochemical evidence of hepatic dysfunction is also
routinely present and can include abnormal coagulation parameters.“° Diazepam-
associated DILI has a classic histologic appearance of severe, acute to subacute,
lobular to massive hepatic necrosis with moderate to marked biliary hyperplasia.3®-+°
The pathogenesis is unknown, but it has been proposed that the apparent predispo-
sition of cats is due to their decreased glucuronidation capacity of oxidative diazepam
metabolites.*" It should be noted that DILI has only been reported with oral diazepam
in cats and not with other routes of administration. This could represent a unique
feature of diazepam biotransformation in the cat, possibly related to first-pass meta-
bolism. Alternatively, this might simply be because diazepam is usually administered
orally when repeated dosing is necessary, injectable products are reserved for single-
dose rescue treatments.
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Doxycycline

DILI is an underrecognized adverse effect of doxycycline in small animals. In a retro-
spective study of dogs treated with doxycycline, 39% and 36% developed increases
in ALT and ALP, respectively.*? The prevalence of clinical signs of hepatotoxicity was
notreported butis likely much lower. Interestingly, ALP was correlated with doxycycline
dose, but ALT was not, so it is unclear whether a dose-dependent mechanism is pre-
sent. However, if doxycycline-associated DILI is dose-dependent, it should be noted
that the median dose used in that study (16 mg/kg/d, range 5-30 mg/kg/d) was higher
than what is typically used, which could have influenced the frequency of liver enzyme
increases. ALT and ALP activity increases also occur in 19% and 6%, respectively, of
cats receiving doxycycline and at least one case of clinical tetracycline-associated
DILI has been reported in a cat.*>44

Lomustine

The chemotherapy agent lomustine is a major cause of veterinary DILI with 29% of
treated dogs developing ALT increases at least 5 times the upper limit of the reference
interval and 6% developing clinical hepatotoxicity.“>® DILI typically occurs after 1 to 3
doses of lomustine, and the risk increases with cumulative dose.*® Severe ALT eleva-
tion may be preceded by more mild increases, but about half of dogs with lomustine-
associated DILI develop biochemical abnormalities without warning.*® In some cases,
toxicity is delayed and clinical illness not recognized for weeks to months following
treatment cessation.® Histologic lesions include loss of portal vein profiles, biliary aty-
pia, and fibrosis; the severity of these lesions correlate with peak liver enzyme activ-
ities.*” Lomustine-associated DILI is associated with decreased hepatic glutathione
concentrations and supplementation with a glutathione precursor (S-adenosylmethio-
nine/silybin) significantly reduced the prevalence, severity, and complications of hepa-
totoxicity in dogs.*”**8 Clinically significant lomustine hepatotoxicity is rare in cats.*®

Methimazole

DILI is a rare adverse effect of methimazole, occurring in about 2% of cats usually
within 2 months of initiating treatment. It is characterized by a hepatocellular enzyme
pattern with hyperbilirubinemia and clinical signs of anorexia, vomiting, lethargy, and
icterus. Clinical and biochemical changes reverse within days to weeks of drug with-
drawal.®° As with most other methimazole adverse effects, the hepatopathy is idiosyn-
cratic, so the drug should not be reinstituted if it occurs and other treatment modalities
should be pursued.

Phenobarbital

Phenobarbital-associated DILI is a rare complication of chronic therapy in dogs and
must be differentiated from the benign increases in ALP that phenobarbital commonly
causes. Phenobarbital hepatotoxicity typically occurs after several months to years of
treatment and is characterized by a cholestatic to mixed liver enzyme pattern with or
without hyperbilirubinemia and hypoalbuminemia.®' Histologically, the toxicity is char-
acterized by bridging fibrosis and nodular regeneration, although animals can improve
clinically after the withdrawal of phenobarbital and supportive management. In one
case series, 13 out of 18 dogs with phenobarbital-associated DILI had serum pheno-
barbital concentrations greater than 35 ng/mL, so this toxicity is considered dose-
dependent.®' Serial monitoring of liver values is recommended at least every 6 months
for dogs on chronic phenobarbital treatment with subsequent hepatic function testing
(eg, bile acids) indicated if toxicity is suspected.®?



Drug-Induced Liver Injury

Rifampin

Due to the increasing prevalence of methicillin-resistant Staphylococcus organisms,
there has been renewed interest in using rifampin in small animals.>® However,
rifampin is a known cause of DILI in dogs, especially at higher doses.?° Increases in
ALT and ALP are reported in 6% to 27% and 24% of dogs, respectively, and higher
ALT activity was associated with an increased risk of clinical adverse effects (vomiting,
anorexia, and weight loss) in one study.®*° Liver enzyme increases occur most
commonly 3 to 4 weeks into the rifampin course, which is also when clinical signs
are most likely.>*%® This has led to the recommendation for weekly biochemical
assessment with prioritization of the pretreatment and week 3 or 4 samples.®>*

Sulfonamide Antibiotics

DILI associated with sulfonamide antibiotics is part of a larger, idiosyncratic adverse
drug reaction syndrome called sulfonamide hypersensitivity or “sulfa allergy.” Compo-
nents of sulfonamide hypersensitivity may occur alone or in combination and begin an
average of 12 days (range 5-36 days) after first exposure.®” In one study, hepatopathy
was the third most common manifestation (28%), with fever (55%) and thrombocyto-
penia (54%) occurring more frequently.’” Biochemically, sulfonamide antibiotic-
associated DILI may present as hepatocellular or cholestatic injury or as a combina-
tion of the two. Acute hepatic necrosis is classically seen on histology, often with vary-
ing degrees of lymphoplasmacytic infiltrates.>® Although Doberman Pinschers are
overrepresented for sulfonamide hypersensitivity, their disease tends to manifest as
polyarthropathy rather than as hepatotoxicity.>:6°

The pathogenesis of sulfonamide hypersensitivity is one of the best characterized
idiosyncratic drug reactions owing to its importance in human medicine (Fig. 2). All
sulfonamide antibiotics contain an arylamine ring that, under oxidative conditions, is
biotransformed to a reactive metabolite. The reactive metabolite covalently binds
endogenous proteins forming neoantigens, which elicits an immune response.®’ The
immunologic nature of sulfonamide hypersensitivity is evidenced by the presence of
drug-specific antibodies in people, although these develop inconsistently in dogs.®%:%®
In people and rodents, the major route of detoxification and elimination of sulfonamide
antibiotics is acetylation by the N-acetyl-transferase enzymes. Dogs lack the genes
for these enzymes and excrete sulfonamide antibiotics largely unchanged, which may
explain their susceptibility to the hypersensitivity reaction.®*

Zonisamide

In 2011, 2 separate case reports described acute onset hepatopathy beginning
10 days and 3 weeks after initiating zonisamide therapy.®®%¢ One dog presented
with primarily hepatocellular biochemical changes (ALT 16,328 U/L, AST 5908 U/L,
and ALP 354 U/L), while the other had a more mixed pattern (ALT 3197 U/L, AST
1275, and ALP 5182 U/L). Both dogs were moderately hyperbilirubinemic (2.3 and
4.3 mg/dL). Both dogs received aggressive treatment with hepatoprotectants and
supportive care. One dog made a complete recovery with normalization of liver en-
zymes after 4 weeks. The other dog was euthanized and massive panlobular hepatic
necrosis with marked microvesicular hepatic lipidosis was found on necropsy.
Despite these initial reports, zonisamide-associated DILI is quite rare. In a recent,
large, retrospective study, the prevalence of acute, clinical hepatopathy was 0.54% .57
Additionally, less than 10% of dogs administered zonisamide for at least 3 months
had increases in their liver enzymes. Those changes that did develop were relatively
mild (ALT 125-200 U/L and ALP 124-746 U/L) and none were associated with clinical
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Antimicrobial Sulfonamides
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Fig. 2. Biotransformation of sulfonamide antibiotics. All antimicrobial sulfonamides contain
an arylamine ring. The amino group on that ring is oxidized to a hydroxylamine by the cy-
tochrome P450 enzymes. Under cellular oxidative conditions, the hydroxylamine group
spontaneously degrades into an electrophilic nitroso group, which binds endogenous pro-
teins to form immunogenic drug haptens. Note, nonantimicrobial sulfonamide drugs, like
zonisamide, do not contain the arylamine ring and so the pathogenesis of drug-induced
liver injury for these drugs must differ from that of sulfonamide antibiotics.

disease. Structurally, zonisamide contains a sulfonamide moiety, and so it has been sug-
gested that zonisamide-associated DILI might share a pathogenesis with sulfonamide
antibiotic hypersensitivity.®> However, like all nonantibiotic sulfonamide drugs, zonisa-
mide lacks the arylamine ring (see Fig. 1), which is necessary for haptenization and im-
mune stimulation; so, a different mechanism must underlie zonisamide toxicity.

NUTRACEUTICALS AND HERBAL REMEDIES

Dietary supplements and herbal preparations are commonly used in companion ani-
mals, with and without veterinary supervision. Many constituents have known associ-
ations with liver injury, and, for others, the hepatotoxic potential has not been
evaluated.®® This is particularly of concern for veterinary nutraceuticals that are mini-
mally regulated in the United States and so are at higher risk for unreported changes in
formulation and adulteration.®® In China, herbal and dietary supplements are the most
common cause of DILI in humans and frequencies are increasing in western coun-
tries.” Thus, veterinarians should be conscious of the toxic potential of any supple-
ment prescribed and be sure to include such products in a thorough drug history.

SUMMARY

DILI is an underrecognized cause of hepatic disease in dogs and cats. Successful
identification of cases requires an initial suspicion by the practitioner, a thorough
drug and nutraceutical exposure history, and knowledge of the toxic potential and
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clinical presentations for common veterinary drugs. There are neither pathognomonic
biochemical or histologic changes for DILI nor currently reliable drug-specific diag-
nostic tests. Therefore, definitive diagnosis is generally made based on resolution of
clinical abnormalities following drug withdrawal. For many cases of DILI, prognosis
can be good if the offending drug is promptly identified and supportive measures
instituted.

CLINICS CARE POINTS

e DILI should be on the differential list for any animal presenting for acute or chronic
hepatopathy.

e The most important steps in diagnosing DILI are taking a thorough history and being aware
the hepatotoxic potential of commonly used veterinary drugs.

e For intrinsic DILI, therapy with the offending drug can sometimes be reinstituted at a lower
dose. For idiosyncratic DILI, the patient should never be exposed to the drug again. When in
doubt, chose a different drug.
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