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Introduction: Anti-staphylococcal penicillins (ASPs) are among the most commonly prescribed antibiotics in 
children and are associated with a risk of drug-induced liver injury (DILI). Despite the frequent use of ASPs in 
children, there is no consensus on whether liver function tests (LFTs) should be routinely monitored during 
treatment. 

Objectives: To review the literature on the frequency of ASP-related DILI in children to determine the incidence, 
risk factors and outcomes of hepatotoxicity. 

Methods: PubMed, MEDLINE and Embase were searched in January 2022 for original studies of children who 
received cloxacillin, dicloxacillin, flucloxacillin, methicillin, nafcillin or oxacillin that included ≥10 children aged 
up to 18 years, and presented data on the incidence of DILI in children exposed to ASPs. 

Results: Overall, two studies of oral flucloxacillin, two of intravenous (IV) methicillin, three of IV nafcillin and four 
of IV oxacillin were included. The mean onset of DILI ranged between 7.0 and 19.0 days following commence
ment of antibiotic treatment and all episodes resolved between 14.2 and 16.0 days after drug discontinuation, 
with no specific treatment required. This review found that the incidence of DILI in children was 1 in 50 000 for 
oral flucloxacillin and ranged from 1 in 3 to 13 for IV oxacillin, methicillin and nafcillin. 

Conclusions: This review found that routine LFT monitoring is not required in children receiving low dose oral 
flucloxacillin in a primary care setting, although pharmacovigilance is critical. For IV preparations, the existing 
data support routine LFT monitoring in those receiving treatment for at least 7 days.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:// 
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the 
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Introduction
Anti-staphylococcal penicillins (ASPs) are among the most com
monly prescribed antibiotics in children with 600 000 flucloxacil
lin prescriptions given to children in general practices each year in 
the UK.1 In Australia, flucloxacillin accounts for 7% of all antibiot
ic prescriptions to children aged 0 to 19 years.2 ASPs are asso
ciated with a risk of drug-induced liver injury (DILI), typically 
manifesting as cholestatic hepatitis with an incidence of 
0.007%, 2% and 13.3% for flucloxacillin, nafcillin and oxacillin 
in adults, respectively.3–6

DILI is associated with high health economic costs; in 
Thailand, DILI costs the economy USD$534 million per year and 
accounts for 5.4% of healthcare costs.7 The mechanism by which 
ASPs cause DILI is unclear but has been shown to be associated 

with immune-mediated hypersensitivity and chemically 
mediated metabolic processes. Also, genetic predisposition 
with a major histocompatibility complex region genotype of 
HLA-B*57:01 is associated with an 80-fold increased risk of 
DILI.8–10 Identified risk factors for flucloxacillin-related DILI 
from adult cohorts include age greater than 55 years, female 
sex and prolonged treatment for more than 2 weeks.11,12

Therefore, treatment guidelines for flucloxacillin in adults recom
mend close monitoring for symptoms of hepatitis and jaundice.13

Despite the frequent use of ASPs in children, there is a paucity 
of data on the frequency and risk factors for DILI in this age 
group. Although studies have stated that the risk of hepatoxicity 
is lower in children than adults, this risk has not been quantified.8

As a result, in children, there are no guidelines recommending 
routine monitoring of liver function tests (LFTs) even during a 
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prolonged ASP course.14 Therefore, this study aims to review the 
published literature on the frequency of ASP-related DILI in chil
dren to determine the incidence, risk factors and outcomes of 
hepatotoxicity.

Materials and methods
Search strategy
PubMed, MEDLINE (from 1946) and Embase (from 1974) were searched 
on 10 January 2022, the latter two databases using the OVID interface. 
The search strategy was developed by K.T. and A.G. with the assistance 
of an expert medical librarian. Subject headings and keywords included 
‘flucloxacillin/ae’, ‘cloxacillin/ae’, ‘dicloxacillin/ae’, ‘methicillin/ae’, ‘nafcil
lin/ae’, ‘penicillins/ae’, ‘liver disease’, ‘cholestasis’, ‘liver or hepatitis or 
cholestasis or cholestatic’, ‘newborn’, ‘neonat*’, ‘infan*’, ‘toddler’, ‘child’, 
‘preschooler’, ‘adolescent*’ and ‘paediatric’ (Figure 1).

The search was carried out by a single investigator (K.T.) to identify ar
ticles that met the inclusion and exclusion criteria and checked by two re
searchers (K.T. and A.G.). Studies were included if they reported original 
data in children who received cloxacillin, dicloxacillin, flucloxacillin, methi
cillin, nafcillin or oxacillin; included 10 or more children aged up to 
18 years at the time of presentation; and presented data on the incidence 
of DILI in children exposed to ASPs. Studies were excluded if the total 
number of children who received ASPs was not reported (as the incidence 
of DILI could not be determined), the study did not report paediatric spe
cific data or this data was not available after contacting the correspond
ing author. Case studies, conference papers, editorials and letters were 
also excluded. This review used the Preferred Reporting Items for 
Systematic Reviews and Meta-analyses (PRISMA) reporting guideline.15,16

Strength of clinical data was graded using the Oxford Centre for 
Evidence-Based Medicine.17

Data extraction and synthesis
Data including population demographics, pattern and severity of liver in
jury, and outcome of DILI were extracted from the included articles. 
Where available, specific values for liver enzymes including ALT, alkaline 
phosphatase (ALP) and GGT were collected. Pattern of liver injury was 
classified as hepatocellular, cholestatic or a mixed pattern according 
to criteria in LiverTox: Clinical and Research Information on 
Drug-Induced Liver Injury by the National Institute of Diabetes and 
Digestive and Kidney Diseases.18–21 The Common Toxicity Criteria for 
Adverse Events grading system (Table 1) was applied to assess severity 
of DILI, with the values expressed as multiples of the upper limit of 
the normal range (ULN), where the default ULN for ALT was 40 U/L 
and for ALP was 115 U/L.22

Roussel Uclaf Causality Assessment Method (RUCAM) 
assessment
The RUCAM was used to determine the likelihood of ASP-related DILI 
(Table 2) and provide a causality grading, where a score of 0 excludes 
causality, 1–2 is ‘unlikely’ to cause DILI, 3–5 is ‘possible’, 6–8 is ‘probable’ 
and >9 is ‘highly probable’.23

Results
The search retrieved 246 articles in MEDLINE, 640 in Embase and 
35 in PubMed. After duplicates were removed, 816 manuscripts 
remained. After title and abstract screening, 86 full text articles 
were identified for review. The authors of 10 articles were con
tacted to query whether data were available to fulfil the inclusion 
criteria for the search.5,24–32 Responses were received from five 

authors and all five papers were subsequently excluded.5,29–32

An additional article was identified through hand searching the 
references of relevant articles and overall, eight studies were in
cluded (see Figure 2).

Table 3 summarizes the eight included studies, of which five 
were retrospective cohort studies and three were prospective co
hort studies. Two studies of oral flucloxacillin were from the UK, 
two of intravenous (IV) methicillin from Costa Rica, three of IV 
nafcillin and four of IV oxacillin from the USA. Indications for 
treatment with an ASP included bone and joint infections, ab
scess, pyomyositis and other miscellaneous conditions. Only 
five studies reported the antibiotic doses received. No studies of 
cloxacillin- or dicloxacillin-related DILI in children were identified.

Overall, in the seven studies where ASP-related DILI occurred, 
the mean age of presentation ranged between 8.9 and 
15.5 years. The mean onset of DILI ranged between 7.0 and 
19.0 days following commencement of antibiotic treatment 
and all episodes resolved between 14.2 and 16.0 days after 
drug discontinuation, with no specific treatment required. Of 
the three studies that reported the outcomes of DILI (follow up 
until LFTs returned to baseline), none of the 12 children with 
DILI had chronic liver disease.

Flucloxacillin
Two retrospective cohort studies including 97 457 children receiv
ing oral flucloxacillin in the primary healthcare setting identified 
two children who developed DILI. The incidence of DILI was 
low (1 in 50 000), however, both studies only reported cases of 
cholestatic DILI.

One of these studies included 37 885 children who were iden
tified through the UK General Practice Research Database (data 
from 1985 to 1991) (Derby33) and reported no episodes of chole
static DILI in those children receiving oral flucloxacillin. Similarly, 
another large study (Russman34) that used the same database 
(data from 1992 to 2002) of 59 572 children who received their 
first flucloxacillin prescription in general practice found two pa
tients (0.003%) developed cholestatic DILI. Of the two patients 
with DILI, one was aged 15 years and received a cumulative 
dose of 7 g and the other was 16 years and received 8 g, both de
veloping DILI on day 21 and day 16, respectively. Notably, the lat
ter patient also received trimethoprim-sulfamethoxazole 8 days 
before flucloxacillin. The long-term outcomes for these children 
were not reported. Using the RUCAM criteria, both reported epi
sodes of DILI were ‘possibly’ related to flucloxacillin. In both stud
ies, only those patients who presented with jaundice had LFT 
testing, and therefore the true incidence of ASP-related LFT ab
normalities may have been higher.

Oxacillin
Four cohort studies included a total of 84 children who received 
IV oxacillin, of whom 19 developed DILI, with an incidence of 
DILI ranging from 12.5% to 29.4% across the studies. Three 
were retrospective and reported on outpatient parenteral anti
biotic therapy (OPAT) where LFTs were performed weekly, while 
one was prospective and reported on inpatient IV administration. 
Three studies35–37 excluded patients with underlying liver dis
ease, and only one study reported the indication for oxacillin 
therapy.
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A retrospective audit (Maraqa36) of 222 children aged 0 to 19 
years receiving OPAT found that 9/41 (21.9%) developed 
oxacillin-related DILI while no children (0/58) receiving nafcillin 
developed DILI. Included patients received a mean oxacillin 
dose of 176 mg/kg/day (range 130–200) and the mean timing 
of onset of DILI was 18 days (range 6–43). DILI occurred at a 
mean age of 8.9 years (range 0.8–16) and in all cases, resolved 
by a mean of 14 days (range 7–25) after treatment discontinu
ation. Patterns of liver injury included hepatocellular in five chil
dren (4 with Grade 4, 1 with Grade 3), cholestatic in one child 
(Grade 1) and a mixed pattern in one child (Grade 4). Two children 
had isolated elevation of liver enzymes, where one had a Grade 3 
ALT rise and another had a Grade 1 ALP rise. Although a greater 
proportion of children who developed DILI were male (7/9, 
77.8%) compared to those who did not (16/32, 50%), this differ
ence was not significant. This study was the only one that re
ported clinical symptoms associated with DILI, which included: 
nausea, vomiting, fatigue, abdominal pain (four patients) and 
rash (two patients). Three children were asymptomatic.

A similar incidence of hepatotoxicity was found in two small 
retrospective studies of children receiving OPAT oxacillin. 
Fernandes35 found that 4/18 (22.2%) children had a median 
ALT of 176 U/L (range 82–624) and Faden38 reported that of 17 
children aged up to 20 years, five (29.4%) developed DILI. For 
both studies, specific details on those patients that developed 
DILI were not provided.

A single-centre prospective study (Nahata37) compared children 
who received IV methicillin, nafcillin or oxacillin in an inpatient set
ting and found an incidence of DILI of 0% (0/28), 3.1% (1/32) and 
12.5% (1/8), respectively. High IV doses were used with mean 
doses of 106 mg/kg/day (SD ± 31.2) for methicillin, 118 mg/kg/ 
day (SD ± 33.9) for nafcillin and 153 mg/kg/day (SD ± 24.6) for oxa
cillin. Of the two children that developed DILI, one received 
100 mg/kg/day of nafcillin for juvenile arthritis and developed a 
raised ALT level of 98 U/L (Grade 1) 3 days after treatment com
mencement. The other child received oxacillin at a dose of 
175 mg/kg/day for osteomyelitis and developed a raised ALT level 
of 409 U/L (Grade 3) 7 days after treatment commencement 

1. cloxacillin/ae, to or flucloxacillin/ae, to or exp penicillin derivative/ae, to

2. (Flucloxacillin or Floxacillin or Fluorochloroxacillin or Cloxacillin or flopen or 

floxapen or flucil or heracillin or stafoxil or staphylex or penicillin*).tw,kw,dq.

3. 1 or 2

4. (newborn* or new-born* or baby or babies or neonat* or neo-nat* or infan* or 

toddler* or pre-schooler* or preschooler* or kinder or kinders or kindergarten* or 

kinder-aged or boy or boys or girl or girls or child or children or childhood or 

pediatric* or paediatric* or school-age* or schoolage* or schoolchild* or 

schoolgirl* or schoolboy* or adolescen* or youth or youths or teen or teens or 

teenage*).tw,kw,dq,hw.

5. exp liver disease/

6. Cholestasis/

7. exp Liver/

8. (Liver or hepatitis or cholestasis or cholestatic).tw,kw,dq.

9. 5 or 6 or 7 or 8

10. 3 and 4 and 9

11. limit 10 to english

12. limit 11 to (books or conference abstract or conference paper or "conference 

review" or editorial or letter)

13. case report/

14. 11 not (12 or 13)

Figure 1. Embase search strategy.
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that resolved 16 days after treatment discontinuation. This patient 
was concomitantly receiving acetaminophen.

All identified episodes of DILI related to oxacillin were classi
fied as ‘possibly’ (n = 2) or ‘probably’ (n = 2) associated with oxa
cillin using the RUCAM criteria as none of the patients were 
rechallenged.

Methicillin
Two prospective studies of IV methicillin found an overall inci
dence of DILI of 14/103 (13.6%).37,39 In both studies, children 
had LFTs performed weekly.

In addition to the prospective study by Nahata37 previously 
mentioned, a randomized controlled trial (Kitzing39) of 149 chil
dren aged 0 to 13 years compared the frequency of DILI in chil
dren with soft tissue, and bone and joint infections who 
received either IV methicillin 200 mg/kg/day or IV nafcillin 
150 mg/kg/day. The incidence of DILI was comparable between 
the methicillin group (14/75, 18.7%) and the nafcillin group (12/ 
74, 16.2%) (χ² = 0.155, P = 0.69). For the 14 children with 
methicillin-related DILI, the mean elevation of AST, ALT and 
ALP was less than 2.5× the ULN (Grade 1). Similarly, the 12 cases 
of nafcillin-related DILI had Grade 1 elevations AST and ALT with 
values less than 100 U/L. The timing and symptoms of DILI as 
well as the presence of underlying liver disease or significant co
morbidities were not reported, the latter may have contributed to 
the higher frequency of DILI in this study.

Reported episodes of DILI in these studies were ‘possibly’ (n = 1) 
or ‘probably’ (n = 1) related to methicillin according to the RUCAM 
criteria, as information regarding the time of onset of DILI following 
methicillin administration and time to recovery following methicillin 
discontinuation was not reported.

Nafcillin
In addition to the randomized controlled trial (Kitzing39), retro
spective audit (Maraqa36) and prospective study (Nahata37) of 
nafcillin already discussed, IV nafcillin was also studied in an
other single-centre prospective study. Feldman40 evaluated 46 
inpatients aged 1 month to 14 years who received 100– 
200 mg/kg/day of IV nafcillin and identified three (6.5%) children 
who developed DILI. These three children had an elevated AST 
less than twice the ULN (53, 59 and 79 U/L), however, the other 
liver enzymes were not reported nor were further details pro
vided. In all four studies of nafcillin, LFTs were performed weekly 
in asymptomatic patients, and the incidence of DILI ranged be
tween 0% and 16.2%.

Reported episodes of DILI were classified as ‘possibly’ (n = 2) or 
‘probably’ (n = 2) associated with nafcillin using the RUCAM cri
teria as there was limited information on the time course of 
DILI following nafcillin administration and discontinuation.

Discussion
To our knowledge, this is the first review of ASP-related DILI in chil
dren. This review found that for oral flucloxacillin, the incidence of 
cholestatic DILI in children is 1 in 50 000. However, for IV oxacillin, 
methicillin and nafcillin, the incidence ranges between 1 in 3 and 
13 children. These findings are comparable to studies in adults 
that found the incidence of DILI was 1 in 7 to 8 for IV oxacillin,41,42

and 1 in 19 for IV nafcillin (Table 4).43 These results challenge the 
long-standing belief that the incidence of ASP-related DILI in chil
dren is lower than in adults.44 The premise for this theory was that 
children tend to have fewer comorbidities and receive fewer con
comitant medications thereby reducing the risk of drug interac
tions and adverse reactions.44 However, most children receiving 
prolonged treatment with an IV ASP have an invasive infection 
and often are receiving other medications.

Current treatment guidelines in adults do not recommend 
routine LFT monitoring in patients unless the ASP treatment 
course is longer than 2 weeks, with the responsibility on the pre
scriber to be alert and monitor for signs of liver injury.13,32,45

Paediatric guidelines and formularies recommend LFT monitor
ing in neonates who receive high-dose flucloxacillin, and children 
who receive prolonged high-dose treatment with ASPs.46–49 The 
findings of our review suggest that routine LFT monitoring should 
be considered in children receiving IV therapy for at least 7 days 

Table 1. Common terminology criteria for adverse events

Feature Grade 0 Grade 1 Grade 2 Grade 3 Grade 4

ALT Normal >1.0–3.0 >3.0–5.0 >5.0–20 >20
ALP Normal >1.0–2.5 >2.5–5.0 >5.0–20 >20

Abbreviations: ALP, Alkaline phosphatase

Table 2. Roussel Uclaf Causality Assessment Method (RUCAM)

Derby 
et al.

Faden 
et al.

Feldman 
et al.

Fernandes 
et al.

Kitzing 
et al.

Maraqa 
et al.

Nahata 
et al.

Russman 
et al.

Time of onset 0 0 0 0 0 2 2 2
Course 0 0 0 0 0 2 2 0
Risk factors 0 0 0 0 0 0 0 0
Concomitant drugs 0 0 0 0 0 −2 0 −1
Exclusion of other causes of liver injury 0 2 2 2 2 2 2 2
Previous information on hepatotoxicity of the drug 0 2 2 2 2 2 2 2
Response to re-administration 0 0 0 0 0 0 0 0
Total 0 4 4 4 4 6 8 5
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with the number needed to investigate ranging from 3 to 13 to 
identify one child with deranged LFTs.36,50,51 For oral treatment, 
awareness and monitoring for symptoms of hepatotoxicity is ap
propriate based on current evidence.32

This review did not identify any children who experienced ser
ious or long-term liver injury related to ASP antibiotics, although 
data are limited.36 These findings contrast to a study of 4687 re
ports of DILI in Swedish adults, where flucloxacillin was the third 
most common drug associated with fatality from DILI (three 
fatal episodes of DILI per 100 reports of liver injury).25 Fatality 
was strongly associated with increasing age, and early onset of 
DILI occurring at 11 days, suggesting a hypersensitivity mechan
ism.25 Previous studies in adults have found that increasing age, 
female gender and a high daily dose of more than 1.5 g/day are 
independent risk factors for flucloxacillin-related DILI.5,11,12,52

Also, prolonged treatment with flucloxacillin for a duration longer 
than 2 weeks increased the odds of DILI more than 7-fold (OR 
7.13, 95% CI 2.90-17.58).12 However, these risk factors were 
not identified in any of the included studies in this review, largely 
due to the small sample sizes of the paediatric studies.

The mechanism of DILI remains unclear. Studies have 
proposed that flucloxacillin, nafcillin and oxacillin cause liver in
jury via an idiosyncratic hypersensitivity reaction.41,53–56

Genome-wide association studies have shown genetic suscepti
bility for flucloxacillin-related DILI in individuals with a major 
histocompatibility complex region genotype HLA-B*57:01.9,10

Also, some reports suggest a chemically mediated reaction to 
toxic metabolites from high doses of nafcillin and oxacillin; this 
has been reported for doses exceeding 12 g/day of oxacil
lin.42,56–58 However, other studies failed to replicate this dose– 
response relationship.50

Although this review found a higher incidence of DILI with IV 
methicillin, nafcillin and oxacillin compared to oral flucloxacillin, 
this is most likely due to the drug formulation studied rather 
than the drug itself. IV route of administration is associated 
with an increased risk of DILI (OR 1.40, 95% CI 0.40–4.94),5,12

and patients receiving IV therapy are likely to receive higher 
drug doses, have other concomitant medications and are more 
likely to be systemically unwell compared to the studies of oral 
formulations in primary care.44 Further, studies that have directly 
compared the frequency of DILI with methicillin, nafcillin and 
oxacillin found a similar incidence of hepatotoxicity.6,39 Further 
studies are needed on the incidence of DILI with different ASPs, 
however, it is likely the incidence of DILI would be similar for 
these drugs.

The limitations of this review include the limited number of 
studies with most being retrospective. Also, most of the studies 
lacked dosing and clinical outcome data, and none used a formal 
causality assessment tool to determine whether DILI was related 
to the ASP. Studies of flucloxacillin only reported cholestatic DILI 
and patients were identified only if they presented with painless 
jaundice, likely resulting in an underestimate of the true inci
dence of DILI. Finally, as studies of IV flucloxacillin and oral 
methicillin, nafcillin and oxacillin were not identified, the general
izability of these results to different formulations is unclear.

Conclusion
This review found that the incidence of DILI in children was 1 in 
50 000 for oral flucloxacillin and ranged from 1 in 3 to 13 for IV 
oxacillin, methicillin and nafcillin. These data indicate that rou
tine LFT monitoring is not required in children receiving low 

Records identified from 3 
databases:

MEDLINE (n = 246)
Embase (n = 640)
PubMed (n = 35)

Records removed before 
screening: 

Duplicate records removed 
(n = 105)

Records screened
(n = 816)

Records excluded
(n = 730)

Reports sought for retrieval
(n = 86)

Reports not retrieved
(n = 2)

Full-text reports assessed for 
eligibility
(n = 84)

Reports excluded:
No paediatric patients (n = 
67)
Case reports (n = 5)
Editorials and letters (n = 3)
No number prescribed 
flucloxacillin (n = 2)

Records identified from:
Citation searching (n = 6)

Full-text reports assessed for 
eligibility
(n = 5)

Studies included in review
(n = 8)
Reports of included studies
(n = 8)

Identification of studies via databases and registers Identification of studies via other methods
Id

en
ti

fi
ca

ti
o

n
S

cr
ee

n
in

g
In

cl
u

d
ed

Reports sought for retrieval
(n = 6)

Reports excluded:
No paediatric patients (n = 2)
Case reports (n = 1)
No number prescribed 
flucloxacillin (n = 1)

Reports not retrieved
(n = 1)

Figure 2. PRISMA flow diagram of the study selection process.15,16
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dose oral flucloxacillin in a primary care setting (CEBM level 3 evi
dence), although pharmacovigilance and monitoring for symp
toms of hepatotoxicity is critical. For IV preparations, the 
existing data support routine LFT monitoring particularly in those 
receiving treatment for at least 7 days. Notably, no child devel
oped serious or long-term complications of DILI and all episodes 
of DILI resolved with treatment discontinuation.

Table 4. Key recommendations for LFT monitoring in children who receive ASPs

Condition Key conclusions Key supporting results Evidence levela

Oral Low dose, oral flucloxacillin is associated with a low 
incidence of DILI. Routine LFT monitoring not 
recommended in these children.

Incidence of DILI in children receiving low dose oral  
flucloxacillin was low (1 in 50 000)33,34

Time of onset after prescription 19 d

Level 3

IV IV ASPs and prolonged treatment is associated 
with an increased incidence of DILI. Routine LFT 
monitoring is recommended.

Incidence of DILI in children receiving IV ASPs is higher 

• 1 in 4 (range 1 in 3 to 1 in 8) for IV oxacillin35–38

• 1 in 7 (range 0 to 1 in 5) for IV methicillin37,39

• 1 in 13 (range 0 to 1 in 6) for IV nafcillin36,37,39,40

Time of onset after prescription 9.2 d (range 3–19)

Level 3 
Level 2 
Level 2

Abbreviations: ASP, anti-staphylococcal penicillins; d, days; DILI, drug-induced liver injury; IV, intravenous; LFT, liver function test 
aThe Oxford Centre for Evidence-Based Medicine was used to grade the level of evidence; it is a 5-point scale system where level 1a corresponds to the 
highest quality and level 5 corresponds to the lowest quality.
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