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Objective: Zileuton is a 5-lipoxygenase inhibitor approved by the US FDA inAbstract
1996 for the treatment of asthma in adults and children. During phase II/III
clinical trials, zileuton was generally well tolerated, although elevations in ALT
and AST levels were noted in some patients, and a single treated patient developed
hepatocellular jaundice. To more fully characterise the hepatic effects of zileuton,
and to establish appropriate monitoring guidelines, a 12-month open-label, safety
surveillance study was conducted prior to FDA approval.
Patients and methods: In this study, 2458 patients with asthma received zileuton
600mg four times daily in addition to usual asthma care, and 489 patients were
treated with usual asthma care only. All patients had their liver biochemistry
checked monthly for the first 5 months, and at months 7, 10 and 12 thereafter.
Results: A total of 109 patients (4.4%) receiving zileuton treatment had eleva-
tions in ALT levels to ≥3 × the upper limit of normal (ULN), including 31 patients
(1.3%) who had levels elevated to ≥8 × ULN, compared with 5 of 480 patients in
the usual care alone group (1.0%) who had levels elevated to ≥3 × ULN, of whom
1 (0.2%) had levels elevated to ≥8 × ULN. Elevations in ALT levels were
generally not associated with increases in alkaline phosphatase and/or total
bilirubin levels. Therefore, the hepatic injury was predominantly hepatocellular.
The majority of elevations in ALT level to ≥3 × ULN (64.2%) in the zileuton-
treated group occurred within the first 3 months of treatment. There was no
correlation between the time of onset of ALT level elevation and the height of the
peak ALT level observed. There was no overall difference in the occurrence of
elevations in ALT level to ≥3 × ULN between men (4.5%) and women (4.7%), but
more women than men experienced an ALT level ≥8 × ULN (1.8% vs 0.5%).
Women aged ≥65 years appeared to be at higher risk of elevated ALT levels than
those aged <65 years (a rate of 10.1% compared with 4.1%). Patients who
experienced ALT levels of ≥3 × ULN but <5 × ULN were allowed to remain on
treatment and 52.5% of these patients were able to continue zileuton therapy and
experienced resolution of the elevation (a reduction in level to <2 × ULN). In each
of the patients who discontinued treatment because of elevated ALT levels, the
ALT level returned towards baseline, with a mean time to resolution (defined as a
reduction in levels to <2 × ULN) of 4 weeks. No patient in this study developed
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clinically apparent jaundice or liver failure. Two patients (0.1%) experienced total
bilirubin levels ≥1.5 × ULN in association with serum ALT levels exceeding 3 ×
ULN.
Conclusions: This study established that liver chemistry monitoring is most
effective in detecting elevation of ALT levels during the first 3 months of zileuton
therapy and that with appropriate monitoring the risk of irreversible liver injury
appears to be low.

Introduction elevated ALT levels was 37.5 years. In placebo-
controlled studies, the rate of ALT levels of ≥3 ×

Zileuton, a specific 5-lipoxygenase inhibitor, has ULN was 1.9% in zileuton-treated patients versus
been extensively studied in the treatment of inflam- 0.2% in placebo-treated patients.[3] A large propor-
matory diseases that involve leukotrienes as tion of patients (1602 of 2573) in the phase II/III
mediators of inflammation, such as asthma, rheuma- studies were exposed to zileuton 600mg four times
toid arthritis and inflammatory bowel diseases.[1,2]

daily, whereas approximately 1074 patients received
Zileuton tablets were approved by the US FDA in 1600 mg/day as either 800mg twice daily or 400 mg
December 1996 for the prophylaxis and treatment of four times daily, with some patients receiving more
chronic asthma in adults and children ≥12 years of than one regimen. As has been reported for several
age.[3] In two phase III, placebo-controlled, clinical other drugs with a pattern of hepatocellular inju-
trials (of 3 months and 6 months duration),[4,5] pa- ry,[7-11] most patients with elevated ALT levels were
tients with chronic asthma who were treated with

asymptomatic. Only 15 of 54 (27.8%) patients with
zileuton had a statistically significant improvement

an ALT level ≥3 × ULN experienced symptomsin pulmonary function, required fewer doses of sys-
such as nausea, influenza-like symptoms and righttemic corticosteroid rescue medication, used β-adre-
upper-quadrant abdominal pain, which may havenoceptor agonist inhalers less often and had greater
been attributable to the liver injury.[6] None of theimprovements in quality of life indices compared
patients with elevated ALT levels presented withwith patients given placebo. Zileuton remains the
evidence of a hypersensitivity reaction (i.e. rash,only approved leukotriene synthesis inhibitor; how-
fever and eosinophilia). However, a single individu-ever, enthusiasm for expanding the indications for
al developed severe liver injury and jaundice. Thisthis drug has been tempered by concern regarding its
28-year-old woman experienced fatigue, nausea,potential to induce liver toxicity.
itching and influenza-like symptoms after beingZileuton did not produce liver toxicity in rats,
treated with zileuton 400mg four times daily fordogs and monkeys during preclinical testing.[6] In
approximately 6 weeks. At the time of treatmentthe phase II and phase III controlled and uncon-
discontinuation, this patient was jaundiced and hadtrolled studies of the clinical programmes for
an AST level that was 19 × ULN, an ALT level thatzileuton in the treatment of asthma (involving 1450
was 33 × ULN, an alkaline phosphatase level thatpatients) and other inflammatory diseases (1067 pa-
was 1.3 × ULN and a total bilirubin level that wastients), elevations in ALT levels to ≥3 × upper limit
6.6 × ULN. All viral hepatitis serology results wereof normal (ULN) that were considered to be possi-
negative and no alternative aetiology was identified.bly or probably related to zileuton treatment were
Her total bilirubin levels reached 12.8 × ULN, 8observed in 54 of the total 2517 patients (2.1%) in
days after zileuton was stopped. Within 35 days ofwhom ≥1 post-baseline measurement was per-
discontinuation of zileuton treatment, her ALT andformed.[6] Thirteen patients (0.5%) had ALT levels
AST levels had returned to normal and her total≥8 × ULN and four patients (0.2%) had ALT levels
bilirubin level had decreased to 2.6 × ULN. The≥15 × ULN. The rate of elevated ALT levels was
patient totally recovered, and her total bilirubin levelsimilar between males (2.2%) and females (2.0%),

and the mean age of the 54 patients who experienced was normal after 70 days.
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Based largely on this single case, a long-term Study Design
(12-month duration) surveillance study was con-

This was a 12-month, randomised, parallel-ducted to further characterise the liver safety profile
group, open-label study conducted at 233 sitesof zileuton and to determine an appropriate liver
throughout the US, including allergy and pulmonarybiochemistry monitoring schedule during treatment.
clinics, private physician offices, research centres,In this study, 2458 patients with asthma in the US
and academic teaching institutions. Patients werewere exposed to zileuton 600mg four times daily in
randomly assigned to receive either zileutonaddition to the usual asthma care and 489 patients
(Zyflo®, 1 Abbott Laboratories) 600mg, four timesreceived usual asthma care only. The secondary
daily plus usual asthma care, or usual asthma careobjective of the study was to assess the clinical
alone in a ratio of approximately 5 : 1. Patients werebenefit of zileuton under conditions simulating actu-
allowed to continue using their usual asthma medi-al clinical practice. The clinical efficacy outcomes
cations if the dose of the medication had been stableof this study have been reported previously by Laza-
for at least 4 weeks before study entry.rus et al.[12] and will only briefly be described here.

In addition to an initial screening visit, study
visits were scheduled on day 1 of treatment, at weekMethods
2 and at months 1, 2, 3, 4, 5, 7, 10 and 12. Safety
assessments were performed at every visit, and in-

Patients corporated both clinical and laboratory monitoring.
Efficacy variables included the occurrence of asth-

Patients were non-smokers (for at least 6 months ma exacerbations, need for alternative treatment,
prior to enrollment) and were at least 16 years of age systemic corticosteroid rescue medication use,
with a history of chronic asthma. Patients were emergency care or hospitalisation, and improve-
required to have a baseline forced expiratory volume ments in FEV1 and symptom scores.
in 1 second (FEV1) of ≥35% of the predicted value,
measured at least 4 hours after salbutamol (albuter- Liver Function Monitoring
ol) inhalation or 12 hours after salmeterol inhala-
tion. Patients had a ≥15% increase in FEV1 after The main objective of the study was to character-
salbutamol at screening, or a documented history of ise the patterns and outcomes of zileuton-associated
positive response to either a methacholine or hista- abnormalities in liver biochemistry (ALT, AST, γ-
mine challenge, and could have no clinically signifi- glutamyl transferase [GGT], alkaline phosphatase,
cant abnormalities other than asthma. Women were lactate dehydrogenase and total bilirubin levels),
required to be either postmenopausal, surgically including overall occurrence rates, the probability of
sterile or using an effective method of contracep- first occurrence, severity of elevation, time to onset,
tion. Patients agreed to limit their alcohol consump- and time to resolution, in patients with asthma treat-
tion to ≤2 ounces per day during the study. Patients ed with zileuton plus usual asthma care compared
were allowed to continue their current asthma medi- with patients treated with usual asthma care alone.
cations and other concomitant medications, exclud- Liver biochemistry was assessed at screening and at
ing isotretinoin, methotrexate, systemic corticoste- 1, 2, 3, 4, 5, 7, 10 and 12 months after the start of
roids, gold salt, terfenadine, astemizole, carba- treatment. All post-randomisation test values ≥3
mazepine and lipid-lowering agents, all of which × ULN were required to be recorded as adverse
had to be discontinued 2–4 weeks prior to starting events. Elevations of total bilirubin levels to ≥1.5 ×
zileuton. ULN were recorded as adverse events. The protocol

All patients provided signed, informed consent allowed asymptomatic patients with an ALT level
prior to initiation of any study procedures, and the ≥3 × ULN but <5 × ULN to continue taking
protocol was approved by the institutional review zileuton; however, it required that such patients
board of each participating centre. have their liver functions retested weekly until their

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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ALT levels either returned to baseline levels or until
they were withdrawn from the study because their
ALT levels had reached ≥5 × ULN. Zileuton was
discontinued in patients with ALT levels ≥5 × ULN,
or in whom elevated ALT levels were was accompa-
nied by symptoms consistent with liver disease
(right upper quadrant discomfort, nausea, vomiting
or fatigue). Patients in whom treatment was discon-
tinued due to liver events were followed up every
2–7 days until resolution of the event (ALT level <2
× ULN).

Statistical Analysis

Comprehensive analyses of liver biochemistry
test results were performed to characterise possible
zileuton-induced increases in hepatic enzyme levels.

Table I. Patient demographics

Variablea Zileuton + usual care Usual care
(n = 2458) (n = 489)

Gender [n (%)]

female 1490 (60.6) 308 (63.0)

male 968 (39.4) 181 (37.0)

Race [n (%)]

Caucasian 2236 (91.0) 449 (91.8)

Black 185 (7.5) 31 (6.3)

other 37 (1.5) 9 (1.8)

Age (years)b 43.3 ± 0.3 42.7 ± 0.7

Height (cm)b 169.2 ± 0.3 168.7 ± 0.5

Weight (kg)b 77.0 ± 0.3 77.9 ± 0.7

a There were no significant differences between groups with
regard to gender (p = 0.327), race (p = 0.574), age
(p = 0.426), height (p = 0.772) or weight (p = 0.277).

b Values are presented as means ± standard error of the
mean.

For patients with ALT levels ≥3 × ULN, additional
analyses were performed, including classification by the study, 1069 patients (43.5%) randomised to
demographic characteristics, time to first occurrence treatment with zileuton plus usual care and 127
of an abnormal elevation in ALT level, time to patients (26.0%) randomised to usual care alone. In
resolution (defined as a reduction in ALT level to <2 the zileuton plus usual care group, 486 patients
× ULN), and type of liver injury as defined by the (19.8%) discontinued as a result of adverse events
standard criteria[13] used to assess patterns of liver and 583 (23.7%) discontinued for other reasons (i.e.
biochemistry abnormalities. Comparisons between non-compliance, lack of efficacy, personal reasons,
the zileuton plus usual care group and the usual care moving). The most common adverse events associ-
alone group, with respect to the proportions of pa- ated with premature discontinuation in the zileuton
tients with abnormally high post-baseline ALT group were asthma exacerbations (3.7%), nausea
levels, were made using Fisher’s Exact test. Life (2.4%) and dyspepsia (1.6%).[12] In the zileuton
table methods were used to compare the times to the group, 68 patients (2.8%) with abnormal liver func-
first occurrence of an ALT level ≥3 × ULN between tion tests were prematurely withdrawn from the
the treatment groups. study per protocol as they had ALT levels that were

≥5 × ULN or ALT levels that were 3–5 × ULN in
Results conjunction with symptoms of liver disease.

Of the 489 patients in the usual care group, 11A total of 2947 patients were enrolled at 233
(2.3%) discontinued treatment due to adverse eventscenters in the US, with 2458 randomised to treat-
and 116 (23.7%) discontinued treatment for otherment with zileuton 600mg four times daily plus
reasons.usual asthma care and 489 to usual care alone.

Patient demographics are provided in table I.
Elevations in Liver Function Tests

There were no statistically significant differences
between the treatment groups with regard to gender, Most elevations in liver biochemistry results
race, age, height or weight. Approximately 61% of were mild (>1 × ULN to <1.5 × ULN for total
patients were female and 39% were male; 91% of bilirubin levels and >1 × ULN to <3 × ULN for other
patients were Caucasian, 7% were Black and 2% tests), and the frequencies of mild elevations were
were other ethnicities. The mean age of patients was generally similar between zileuton-treated patients
approximately 43 years. and patients receiving usual care only. Mild (>1 ×

Of the 2947 patients randomised to treatment, a ULN to <3 × ULN) elevation in ALT levels oc-
total of 1196 (40.6%) withdrew prematurely from curred in 20.5% of patients in the zileuton group and

© 2007 Adis Data Information BV. All rights reserved. Drug Safety 2007; 30 (9)
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19.6% of patients in the usual care group (table II).
A total of 109 patients (4.4%) in the zileuton group
had ALT levels ≥3 × ULN compared with 5 (1.0%,
p < 0.001) in the usual care alone group. Maximum
reported ALT levels were ≥3 × ULN to <8 × ULN in
78 patients (3.2%) in the zileuton group and four pa-
tients (0.8%) in the usual care alone group, and ≥8 ×
ULN in 31 patients (1.3%) in the zileuton group and
1 patient (0.2%) in the usual care alone group (table
II). Eleven patients (0.4%) in the zileuton group had
an ALT level ≥15 × ULN, while no patients in the
usual care group experienced such an elevation. The
time courses of ALT elevation in the 11 patients
who experienced ALT levels >15 × ULN, either
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Fig. 1. Serum ALT levels (in terms of the upper limit of normal
[ULN]) vs time in the study.

while on treatment or shortly after treatment discon-
tinuation, are illustrated in figure 1.

range of 0–0.54% throughout the entire study peri-
Of the 109 zileuton-treated patients with ALT od. After 3 months, the risk of ALT elevation in

levels ≥3 × ULN, 70 (64.2%) had their first signifi- zileuton-treated patients appeared to remain fairly
cant elevation in ALT level noted within the first 3 constant and reflected a rate only marginally higher
months of treatment, and 89 (81.7%) had their first that that observed in patients receiving usual asthma
elevation within the initial 6 months of treatment. care.
Twenty patients (18.3%) had their first elevation in

Of the 31 patients with elevations of ALT levelsALT levels noted after >6 months of treatment. The
to ≥8 × ULN, 16 (51.6%) experienced these extremeprobability of first occurrence (i.e. the risk) of ab-
elevations during the first 2 months of treatment.normally high ALT levels by time period is shown
Twenty-four patients (77.4%) had their first eleva-in figure 2. The probability has been calculated
tion in ALT level to ≥8 × ULN during approximate-using intervals, which account for the unequal distri-
ly the first 6 months (169 days) of zileuton treatmentbution of days between visits; therefore, months 6
and 7 patients (22.6%) experienced such an eventand 7; months 8, 9 and 10; and months 11 and 12
after 6 months of treatment. There was no apparentwere combined because there were no scheduled
pattern to suggest a clinically meaningful relation-visits at months 6, 8, 9 and 11.
ship between the time of onset and the magnitude of

For the zileuton group, the probability of an ALT elevation in ALT levels at onset (figure 3). Patients
levels ≥3 × ULN decreased from a maximum of were no more likely to develop very high ALT
2.06% at month 1 to 0.35% at month 3, and then levels after longer drug exposure than shorter expo-
fluctuated in the range of 0.38–0.67% during sure.
months 4 through to 12; for the group receiving

There was no overall difference between menusual care alone, the probability fluctuated in the
and women in the rates of ALT levels ≥3 × ULN
(4.7% women vs 4.5% men), but more women than
men experienced ALT levels ≥8 × ULN (1.8% vs
0.5%). The rate of elevations in ALT levels among
women appeared to increase with age. Women aged
≥65 years appeared to be at higher risk of develop-
ing elevated ALT levels (10.1% compared with
4.1% in women <65 years of age). The rate of ALT
elevation by race showed no clear trends. The rate of
ALT levels ≥3 × ULN was 4.5% and 5.4% in the
Caucasian and Black race groups, respectively. No

Table II. Peak ALT levels from baseline 

ALT level Zileuton + usual care Usual care
(multiples of ULN) (n = 2458) [n (%)] (n = 489) [n (%)]

≤1 1744 (71.0) 345 (70.6)

>1 to <3 505 (20.5) 96 (19.6)

3 to <5 45 (1.8) 2 (0.4)

5 to <8 33 (1.3) 2 (0.4)

8 to <15 20 (0.8) 1 (0.2)

≥15 11 (0.4) 0

ULN = upper limit of normal.

© 2007 Adis Data Information BV. All rights reserved. Drug Safety 2007; 30 (9)
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ment was stopped before the patients returned for
testing.

Of the 109 patients who experienced ALT levels
≥3 × ULN (figure 4), 104 were followed to resolu-
tion (defined as an ALT level <2 × ULN) while
remaining on zileuton treatment or after discontinu-
ation of therapy (one patient completed the study
with an ALT level of 3.1 ULN and could not be
consider resolved). The remaining five patients were
followed until their ALT level was ≤3 × ULN;
however, they were lost to follow-up before reach-
ing an ALT level of <2 × ULN. Of the 61 patients
who experienced modest elevations in ALT (≥3 ×
ULN but <5 × ULN) while receiving zileuton,
32 (52.5%) experienced spontaneous resolution
while continuing zileuton treatment. The mean time
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Fig. 2. Conditional probability of the first incidence of an ALT level
≥3 × the upper limit of normal (ULN). IR = immediate release.

to spontaneous resolution for these patients was
between 3 and 4 weeks. Of the remaining 29 patientsother clinical or laboratory factors appeared useful
(47.5%), one patient remained on study drug with anfor the identification of patients at risk of developing
ALT level between 3 and 5 × ULN and completedan ALT level ≥3 × ULN during treatment with
the study with an ALT level of 3.1 × ULN. Thezileuton.
remaining 28 patients discontinued the study drugThe outcomes of all ALT level elevations to ≥3 ×
per protocol, as their ALT levels increased to ≥5 ×ULN in patients treated with zileuton in this study
ULN. For the 66 patients who experienced an ALTare shown schematically in figure 4. Patients were
elevation of ≥5 × ULN while taking zileuton, dis-not required to discontinue study drug treatment if
continued study drug and were followed to resolu-ALT values were ≥3 × ULN and <5 × ULN, in the
tion, the mean time to resolution (<2 × ULN) of theabsence of symptoms. Therefore, patients with ALT
ALT elevation was 1 month after discontinuation.levels ≥3 × ULN and <5 × ULN had the opportunity
There was no apparent relationship between theto experience resolution while remaining on the
magnitude of first elevation and time to resolution.drug. The majority of patients with ALT levels ≥3 ×
For the five patients in whom the initial ALT eleva-ULN experienced these elevations while taking
tion ≥3 × ULN was detected after stopping zileutonzileuton. In a few cases (8 of 109 [7.3%]), the initial
treatment (either because they finished the study orelevation was first detected after zileuton treatment
because they discontinued treatment prematurely)was stopped, usually within a few days of discontin-
that were followed until resolution, the mean time touation. It is possible that the onset of the elevation
resolution was between 2 and 3 weeks (table III),may have occurred while on study drug but treat-
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Fig. 3. Magnitude of first ALT level ≥3 × the upper limit of normal (ULN) by the duration of therapy with zileuton.
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Any ALT elevation
≥3 × ULN
n = 109

First ALT elevation
≥3 × ULN on drug

n = 101

First ALT elevation
≥3 × ULN off drug

n = 81

Withdrawn
(First ALT ≥5 × ULN)

n = 40

First ALT ≥3 ×,
<5 × ULN

n = 61

Not resolved
on drug
n = 29

Not resolved
off drug

n = 2

Resolved
off drug
n = 38

Resolved
on drug
n = 32

Resolved
off drug

n = 5

Not resolved
n = 3

Continued
in study
n = 29

Continued
in study

(ALT ≥3 ×,
<5 × ULN)

n = 1

Withdrawn
(ALT ≥5 × ULN)

n = 28

Resolved
off drug
n = 28

Withdrawn
(after resolution)

n = 3

Fig. 4. Schematic diagram of the outcomes of ALT levels ≥3 × upper limit of normal (ULN) for patients treated with zileuton. 1 Four of eight
cases were detected 2–4 days after stopping zileuton, while the remaining four were detected at the next follow-up visit 1–2 weeks after
discontinuation.

although resolution may have started when zileuton Two of 2458 zileuton-treated patients exper-
was discontinued before the actual detection time. ienced an elevation in ALT level to ≥3 × ULN

associated with a total bilirubin level ≥1.5 × ULN.The majority (71 of 109 [65.1%]) of the 109
The first patient, a 35-year-old Asian woman, waszileuton-treated patients who experienced elevations
prematurely withdrawn from the study after 5in ALT level to ≥3 × ULN also had an elevation in
months of treatment with zileuton because of ab-their AST level, although usually of lower magni-
dominal pain; she had an ALT level of 7.9 × ULNtude. AST levels exceeded 3 × ULN in 25 (22.9%)
and an AST level of 3.6 × ULN with normal totalof the patients with elevated ALT levels. In a few
bilirubin and alkaline phosphatase levels at the timecases, elevations in ALT levels were associated with
of withdrawal. This patient’s ALT levels kept in-alkaline phosphatase levels that were ≥3 × ULN
creasing after discontinuation of zileuton treatment(seven patients [6.4%]) and/or total bilirubin levels

that were ≥1.5 × ULN (two patients [1.8%]). A and reached 29.8 × ULN on post-treatment day 31.
pattern of cholestatic injury, associated with alkaline Her total bilirubin levels had increased to 1.5 × ULN
phosphatase levels ≥2 × ULN and mild elevations in by post-treatment day 28. A prolonged rise in serum
ALT levels, was observed in <5% of the 109 ALT level after stopping treatment has not been
zileuton-treated patients with who had elevated previously associated with zileuton treatment. A
ALT levels in this long-term study. liver biopsy, performed on post-treatment day 35,

revealed moderate centrilobular (Zone III) necrosis,Most patients with elevated ALT levels were
which is consistent with paracetamol (acetami-asymptomatic. Only 17 (15.6%) of the 109 patients
nophen)-induced injury. The patient reported takingwith ALT levels ≥3 × ULN experienced symptoms
paracetamol during that time period but the amountsuch as nausea, vomiting, influenza-like symptoms
and actual timing relative to the liver event could notand right upper-quadrant abdominal pain, which

may have been attributable to liver injury. be documented. The consulting hepatologist could

© 2007 Adis Data Information BV. All rights reserved. Drug Safety 2007; 30 (9)
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not rule out the possibility that zileuton initiated a Discussion
hepatic reaction but, in view of the zonal distribution
of the injury detected by biopsy, he felt it likely that Drug-induced liver injury has been and remains
paracetamol had contributed to the unusual course the single most common adverse effect of concern
observed. This case would just meet the conserva- for compounds in all phases of clinical develop-
tive criteria for Hy’s law (ALT level ≥3 × ULN with ment, and is the most frequent cause of post-market-
total bilirubin level ≥1.5 × ULN).[14]

ing regulatory actions including withdrawal, label-
The second patient, a 57-year-old man, exper- ing restrictions and warnings.[7,14-16] Most drug-in-

ienced moderate elevations in ALT (up to 6.3 duced liver injury presents as acute elevations in the
× ULN), AST (up to 3.3 × ULN) and total bilirubin levels of serum aminotransferases (ALT and AST)
levels (up to 1.8 × ULN), together with severely with minimal or no elevation in serum alkaline
elevated GGT level (up to 16 × ULN) and an elevat- phosphatase and bilirubin levels. This is termed a
ed alkaline phosphatase level (2 × ULN) after 1 ‘hepatocellular’ pattern of injury. The majority of
month of treatment with zileuton. All liver function drugs capable of causing severe liver injury are well
tests returned to baseline within 29 days after dis- tolerated in most patients taking them and produce
continuation. Since this patient had a substantial progressive liver injury in only a very small propor-
elevation in the serum alkaline phosphatase level, tion of the treated population. The injury is therefore
this can not be considered to be hepatocellular injury termed ‘idiosyncratic’, and the assumption is that
and this patient would not qualify as a Hy’s law certain patients with rare combinations of inherited
case. In addition, one patient had an ALT level of and environmental factors are predisposed to devel-
>12 × ULN and a total bilirubin level of 1.43 × ULN

oping hepatotoxicity. Examples of drugs that can
at the final study visit at month 12; however, the

cause idiosyncratic hepatocellular injury include
borderline increases in total bilirubin levels (1 ×

troglitazone, trovafloxacin, multiple antibacterialsULN) at screening and on day 58, without increases
and NSAIDs.[8,9,16-19]

in other liver biochemistry parameters, and the
Nearly all drugs capable of causing severe idio-normalisation of liver enzyme levels (ALT and

syncratic hepatocellular injury have been associatedAST) post-treatment without a corresponding nor-
with an increased incidence (relative to placebo) ofmalisation in bilirubin level suggest potential un-
serum ALT levels ≥3 × ULN in patients duringdiagnosed Gilbert’s syndrome, and did not meet the
clinical studies. An ALT level ≥3 × ULN has beenconservative definition of Hy’s law. Although no
identified as a sensitive, but not necessarily specific,cases of jaundice were reported in this long-term
signal of liver toxicity, and is not always predictivestudy of zileuton, one patient of 2458 (0.1%) ex-
of more severe outcomes such as overt toxicityposed to zileuton would meet the conservative defi-
(symptoms and jaundice).[7-11,14,15]nition of Hy’s law.

Table III. Time to resolution of elevated ALT level in affected patients receiving zileuton

Magnitude of initial elevated Elevation and resolution Elevation on drug, resolution Elevation and resolution
ALT level on druga off drugb off druga

n mean days n mean days n mean days

Any elevation ≥3 × ULN 32 25.3 66 31.6 5 15.8

3 × ULN ≤ALT <5 × ULN 32 25.3 28 29.4 2 21.0

5 × ULN ≤ALT <8 × ULN 0 19 38.0 3 12.3

8 × ULN ≤ALT <15 × ULN 0 17 27.8 0

ALT ≥15 × ULN 0 2 33.0 0

a Time to resolution = number of days from first abnormally high level (≥3 × ULN) to the first measurement of a level <2 × ULN, after
which the level did not subsequently reach or exceed 2 × ULN during monitoring.

b Time to resolution = number of days from discontinuation of study drug to the first measurement of a level <2 × ULN, after which
the level did not subsequently reach or exceed 2 × ULN during monitoring.

ULN = upper limit of normal.
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The principal objective of this long-term surveil- After 3 months, the risk of elevated ALT levels in
lance study was to characterise the clinical pattern of zileuton-treated patients fell toward that observed in
liver injury associated with zileuton in order to patients receiving usual asthma care. However, it
better assess the true risk of severe injury and to seems likely from our data that zileuton-associated
provide data upon which to propose to physicians liver injury can occur after 3 months of treatment, as
the most appropriate patient monitoring schedule. the rate of elevated ALT levels did not quite fall to
This long-term study was also conducted to assess the rate observed in the usual care group. This
the clinical benefit of zileuton as an adjunctive treat- provides the rationale for the current guidelines for
ment to usual asthma care. The results from the monitoring zileuton-treated patients: the approved
clinical efficacy outcomes[12] demonstrated that package insert for zileuton IR (Zyflo®)[3] recom-
smaller proportions of patients treated with zileuton mends that the ALT level be monitored before start-
plus usual care than usual care alone required corti- ing therapy; once a month for the first 3 months of
costeroid rescue medication (23.0% vs 30.3%; p ≤ zileuton therapy; every 2–3 months for the remain-
0.001), emergency care (7.7% vs 11.5%; p ≤ 0.05), der of the first year of treatment; and periodically
or hospitalisation (3.2% vs 4.1%, not significant) thereafter.
and that zileuton-treated patients had greater im- Although there was a clear reduction in risk of
provements in FEV1 (0.28L vs 0.21L; p ≤ 0.05). In ALT level elevation after the first 3 months of
addition to significant improvements in objective treatment, there was no clear correlation between
measures, including a reduction in health resource the time of onset of elevated ALT levels and the
utilisation, the zileuton-treated group showed signif- severity of liver injury. This may in part reflect the
icant improvements in asthma symptoms compared less frequent blood sampling (every 2–3 months)
with the group that received usual care alone. Over- that occurred after the first 5 months of treatment.
all, the data from the study indicated that zileuton, Except for a higher risk of elevated ALT levels in
when added to an existing therapeutic regimen, im- women aged ≥65 years, no other risk factors ap-
proves asthma control in many patients. peared to be helpful for the identification of patients

Among the 2458 patients treated with zileuton, at risk of developing an ALT level ≥3 × ULN during
4.4% (109 patients) experienced elevations in ALT treatment with zileuton. This suggests that some
levels to ≥3 × ULN compared with 1.0% (5 patients) caution should be used when prescribing zileuton to
of the 489 in the usual care group. This is higher elderly women; however, the data suggest that ap-
than the rate of ALT levels ≥3 × ULN reported in the proximately 90% of such patients will not experi-
Zyflo® labeling, which was taken from placebo- ence elevated ALT levels during treatment.
controlled studies with zileuton (1.9% with zileuton Among those zileuton-treated patients who ex-
and 0.2% with placebo).[3] This higher rate is proba- perienced an initial elevated ALT level of between 3
bly accounted for, in part, by the longer duration of and 5 × ULN, more than half were able to continue
this study (12 months compared with 3–6 months zileuton treatment with resolution of the elevation.
for the placebo-controlled studies) and perhaps by An ‘adaptation’ phenomenon has been reported for
the less restrictive inclusion criteria in terms of several other drugs associated with idiosyncratic
patient population and use of concomitant medica- hepatocellular injury.[15] The currently accepted in-
tions. As seen in the phase II/III studies, most eleva- terpretation of this observation is that the majority of
tions in ALT levels were mild, asymptomatic and patients who experience elevated ALT levels due to
usually not associated with elevations in alkaline a drug are not at risk of developing significant liver
phosphatase and/or total bilirubin levels. The char- injury, and in most of these patients the elevation
acteristic biochemical pattern of zileuton-associated will resolve with continued drug exposure. Patients
liver injury is therefore hepatocellular. In this study, who develop progressive liver injury may therefore
all episodes of ALT elevation resolved, with a mean be a subset of patients who experience elevated ALT
resolution time of 4 weeks. levels but lack the ability to adapt. The mechanisms

The majority (64.2%) of elevated ALT levels underlying adaptation to liver toxicity are not
occurred during the first 3 months of treatment. known.
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The mechanisms underlying zileuton-induced substantial elevation in the serum alkaline phospha-
liver injury are also unknown. All patients in this tase level. These more restrictive criteria have been
study received the same dose of zileuton (600mg, invoked as a potential predictor of acute liver failure
four times daily) and plasma levels of zileuton were from pre-approval data, even in the absence of any
not routinely measured. However, in the phase II/III documented cases of acute liver failure or hepatocel-
clinical studies, the incidence and severity of liver lular jaundice in the clinical trial database.[21,22]

injury did not appear to be related to total daily dose. As previously mentioned, a single patient devel-
In addition, when plasma-level data were available, oped hepatocellular jaundice among the 2517 pa-
toxicity was not associated with zileuton blood tients who received treatment with zileuton in the
levels ≥7.5 µg/mL, which are considered to be phase II/III clinical trials. There were no cases of
higher than expected in patients receiving zileuton at jaundice in this long-term study of 2458 zileuton-
dosages ≤600mg four times daily.[6] It is important treated patients, but one patient met a conservative
to note that, in this study, elevated ALT levels were definition of Hy’s law. For the total zileuton experi-
not associated with rash, fever or peripheral eosi- ence in over 6000 patients, these two cases would
nophilia. Hence, there is no evidence that any liver predict a risk of liver failure of 1 : 30 000 treated
injury associated with zileuton is the result of an patients. However, the duration of treatment in the
allergic response. clinical trials varied and, without knowing the inci-

dence of liver injury as a function of time on treat-The absence of a relationship between zileuton-
ment, it is not possible from the phase II and phaseassociated hepatotoxicity and drug dose, systemic
III clinical studies to assess the true risk of liverexposure and clinical signs of hypersensitivity is
failure.consistent with the observations made with most

It should be noted that our study was not de-drugs that are associated with idiosyncratic
signed to prove the value of monitoring, whichhepatocellular injury.[8,15,16] The assumption is that
would have required a study arm in which patientsthe liver injury results from, at least in part, aberrant
received treatment without monitoring. Nonethe-metabolism of the drug or an unusual response in
less, it seems reasonable to assume that terminatingrare susceptible individuals. Therefore, the mecha-
treatment when the serum ALT level exceeded 5 ×nism underlying this form of liver toxicity has been
ULN prevented progression to clinically importanttermed ‘metabolic idiosyncrasy’.[20]

liver injury in at least some patients.Although it is not possible to accurately estimate
the zileuton-associated risk of severe liver injury Conclusionsfrom the current study, some comments can be
made. The late Hyman Zimmerman[20] first noted In summary, this prospective study defined
that patients presenting with the combination of a characteristic presentation, or ‘signature’ of
hepatocellular injury (elevated serum ALT levels) zileuton-associated liver injury as a hepatocellular
and clinically apparent jaundice (associated with a injury generally occurring within 3 months of start-
total bilirubin level >3 mg/dL) had a mortality rate ing therapy and resolving within 1 month of discon-
of approximately 10%. Therefore, Zimmerman’s tinuing therapy. It is generally asymptomatic and
observation would predict that if 1 in 1000 treated treatment can often be continued with careful moni-
patients in a clinical study presented with hepatocel- toring in asymptomatic patients with low-level ele-
lular jaundice, fatal injury could be expected to vations in serum enzyme levels (between 3 and 5 ×
occur in approximately 1 in 10 000 treated patients. ULN). With liver enzyme monitoring, the risk of
This has been referred to as ‘Hy’s law’ and has irreversible liver injury appears to be low.
withstood the test of time.[20,21] In an effort to cast
the widest net possible and capture the most sensi- Acknowledgements
tive (though not the most specific) predictive value
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