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Abstract

Carnitine palmitoyltransferase 2 deficiency is an inherited metabolic disorder involving a deficiency in a mitochondrial

enzyme necessary for long chain fatty acid oxidation, and therefore decreased utilisation of fatty acids. The adult form of

this condition leads to recurrent rhabdomyolysis triggered by exercise, fasting and infection. It is a very rare condition

with only a few hundred reported cases worldwide. Here we present a case of severe rhabdomyolysis in the context of

carnitine palmitoyltransferase 2 deficiency in which major organ involvement was avoided, and organ support was not

needed. This prompted us to perform a systematic review of the existing case reports in the literature to ascertain the

most frequent patterns of organ involvement and assess the outcomes that are seen in these patients. Our findings

suggest that these patients most frequently develop isolated renal failure, often requiring renal replacement therapy;

however, the outcomes following this are very good, supporting the early involvement of intensive care teams.
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Introduction

Carnitine palmitoyltransferase (CPT) 2 is a crucial
enzyme for long chain fatty acid (LCFA) oxidation
within the mitochondria. LCFAs cannot readily dif-
fuse across the mitochondrial membrane. After con-
jugation to coenzyme-A (CoA) by long chain fatty
acyl-CoA synthetase they are transferred across the
mitochondrial membrane by the carnitine shuttle:
this comprises of CPT1 at the outer membrane, a
carnitine acyl carnitine translocase spanning the
inner mitochondrial membrane and CPT2 on the
inner membrane.1 CPT2 acts to transfer the conju-
gated fatty acid from carnitine within the mitochon-
drial membrane back to CoA within the
mitochondrial matrix.1,2 This, therefore, allows for
beta-oxidation of LCFAs within mitochondria – one
of the mainstays of energy homeostasis within the
body. There are three variant forms of CPT2 defi-
ciency: lethal neonatal, severe infantile hepatocardio-
muscular and myopathic.3 The adult myopathic form
of CPT2 deficiency is inherited in an autosomal reces-
sive manner.3 Globally there is heterogeneity within

the genotypic variation. For example, a novel muta-
tion, S373P, was recently discovered in a south
American family.4 Additionally, Japanese patients
appear to demonstrate a different profile of mutation
within CPT2 – the most common mutation being
F383Y.5 Roughly 90% of cases within Caucasians
are accounted for by the S113L missense mutation,6,7

although there has been much debate about the exact
mechanism of reduced function. This particular vari-
ant is multifactorial: it seems to be expressed to the
same extent as wild type CPT2,8 and the recombinant
human mutated CPT2 shows increased thermolability
compared to control CPT2.9,10 In contrast to the wild
type CPT2 the mutated variant appears to
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demonstrate a lack of activation by cardiolipins11 as
well as abnormal inhibition by malonyl-CoA.12

Malonyl-CoA is an intermediate of fatty acid synthe-
sis,13 and as such it acts as a metabolic brake on CPT1
activity – preventing concomitant de novo lipogenesis
and beta-oxidation. CPT2 is crucially characterised by
being insensitive to malonyl-CoA inhibition, a feature
that is altered in the majority of CPT2 deficient
patients.12 A recent genotype-phenotype analysis con-
firmed that homozygotes for the S113L missense
mutation all demonstrated similar extents of CPT2
activity inhibition with malonyl CoA.14

These factors underpin why CPT2 deficiency
results in an energy crisis within the fatty acid meta-
bolic pathways and a deficit of ATP production under
specific trigger conditions, such as fasting, exercise, or
infection. This crisis occurring within the skeletal
muscle causes rhabdomyolysis, typically presenting
with myalgia, accompanied by darkening of the
urine due to myoglobinuria. Clinically, patients
often display diffuse muscular tenderness, and may
display signs of the infection provoking the attack.
These attacks can be complicated by renal failure,
and severe electrolyte disturbances requiring renal
replacement therapy (RRT). Crucially, between
attacks patients are asymptomatic and have no clin-
ical or biochemical evidence of myopathy.

Before genetic testing, a new diagnosis of myo-
pathic CPT2 deficiency may be suspected in those
with recurrent myalgia, or those presenting with
attacks of myalgia with myoglobinuria and occasion-
ally muscle weakness following episodes of exercise or
infection.15 Supportive laboratory findings may be
elevated creatine kinase (CK) during attacks more
than five times the upper limit of normal. Further to
this analysis of plasma acyl-carnitine profiles via high-
performance liquid chromatography tandem mass
spectrometry demonstrating increased levels of C16
and C18:1 species specifically with an overall increase
of C12 to C18 acylcarnitines will support a diagno-
sis.16 Specifically the (C16þC18:1)/C2 ratio being
most indicative of CPT2 being a possible diagnosis.16

However, for definitive diagnosis, genetic testing
is required for affected individuals. This is either
via single gene or multipanel testing to rule out
other differential diagnoses including: carnitine-
acylcarnitine translocase deficiency, glutaricacidaemia
II, TANGO2-related metabolic encephalopathy
and arrhythmias, as well as other defects in oxida-
tive phosphorylation or lipid metabolism and
recurrent bouts of rhabdomyolysis from environmen-
tal causes.3

Long-term management for CPT2 deficiency is
aimed at trigger avoidance and dietary modification
to restrict lipid intake (<20%) and increase carbohy-
drate intake (70%) to provide fuel for glycolysis.17–19

The medium-chain fatty acid triheptanoin appears to
be an effective therapy for adult-onset CPT II
deficiency.18

Management of acute rhabdomyolysis in the con-
text of CPT2 deficiency comprises of:

1. IV glucose administration: The primary acute treat-
ment is to supply adequate glucose to prevent
adipose tissue lipolysis3,19–21 (see Figure 1).
Hypoglycaemia only occurs at relatively late
stages; bedside testing for glucose should not be
relied on, and treatment with IV glucose should
not be delayed due to a normal blood glucose.3

2. Management of rhabdomyolysis: as with rhabdo-
myolysis of any aetiology, the preventive measure
for renal injury is aggressive fluid resuscitation (see
Figure 2). If acute kidney injury is associated with
acidosis, early consideration for RRT is indicated.
Volaemic state can be assessed clinically or through
invasive monitoring, e.g. bed side echocardiog-
raphy, cardiac output monitoring or central
venous pressure.22–26 The need for potassium
should be considered; this should be added to the
regime once urine flow is confirmed to be normal
and the plasma potassium concentration is known.

3. Identify and stop any medications contributing
towards/associated with a high risk of rhabdomyoly-
sis: a full medicine reconciliation should be con-
sidered, including prescribed medications from
their GP, secondary care consultant(s), over-the-
counter medication or herbal medicines.

Other agents which may offer benefit in the acute
scenario include carnitine (100–200mg/kg/24 h in 4
divided doses)18 which will convert potentially toxic
long-chain acyl-CoAs to acylcarnitines. Sodium bicar-
bonate can be used for urinary alkalinisation by
decreasing deposition of myoglobin in the renal
tubules; however, if pH is not >6.5 after 4 to 6 h, if
sodium >155mmol/L or if the patient develops symp-
tomatic hypocalcaemia then it should be discontin-
ued.22–24,26 Acetazolamide can be considered when
urinary alkalinisation is inadequate with the above
measures.27 Mannitol is an osmotic diuretic agent
that can be used if the patient is normotensive; it
causes vasodilation of renal vasculature and acts as
a free radical scavenger.

Important in both the acute and non-acute settings
is the avoidance of medications which can trigger or
exacerbate episodes of muscle injury; important medi-
cations include statins (due to their risk of rhabdo-
myolysis in the general population), ibuprofen
(mechanism unknown) and valproic acid.28

The condition has been described extensively from
genetic and metabolic perspectives; however, there is
not a large amount of literature describing the man-
agement of these patients acutely.

Case report

A 34-year-old man presented to emergency depart-
ment with suprapubic abdominal pain, and aching
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pains across his groin and thighs. The only associated
symptoms were darkening of his urine and fevers. He
had no shortness of breath or cough, no palpitations
or chest pain, no dysuria or frequency, and no nausea
or vomiting or change in bowel habit. There was no
history of trauma, he denied coryzal or flu-like symp-
toms and he had not undertaken any strenuous

physical exercise. He admitted to a poor oral intake
once his abdominal pain had started. He had no sig-
nificant past medical or surgical history apart from
known CPT2 deficiency, and resulting rhabdomyoly-
sis for which he had previously been admitted to hos-
pital. Previous episodes were triggered by exercise,
presenting with muscle aches in his arms and stomach,

Figure 1. Intravenous glucose management in acute rhabdomyolysis acutely decompensated LCFA disorders,18 from the British

Inherited Metabolic Disease Group. LCFA: long chain fatty acid.
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followed by darkening of his urine. At the time of
presentation, he was unemployed, was a non-smoker
and rarely drank alcohol. His sister had the same
condition.

On admission his temperature was 38.2�C, heart
rate 60 bpm sinus rhythm, respiratory rate 16 per
minute, blood pressure 141/87mmHg, and O2 satur-
ations 97% on room air. He appeared unwell and

Figure 2. Protocol for the management of acute rhabdomyolysis in critical care.22
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sweaty. Cardiovascular and respiratory examinations
were normal. He had diffuse mild abdominal tender-
ness, and his urine was visibly dark. Neurological
examination was normal; however, he had diffuse
muscular tenderness over his lower limbs. Urinalysis
was strongly positive for blood. Biochemical investi-
gations showed white cell count 9.5� 109/L, haemo-
globin 148 g/L, CK 26488 U/L, Cr 93 mmol/L, and
alanine aminotransferase (ALT) 148 U/L (see
Figure 3).

Initial treatment comprised of 10% dextrose infu-
sion at a rate of 2mg/kg/h. His pain settled; however,
he then became tachycardic and hyperpyrexial
(>40�C). An infusion of Hartman’s solution at a
rate of 400mL/h was added. CK values continued
to increase, and the patient was transferred to ICU.

CK values peaked at 99,874 U/L and then fell
towards normal values over 48 h. Serum creatinine
was stable throughout and his urine output was
appropriate for his rate of fluid input.
Respiratory viral swabs yielded a positive result for
influenza A, and the patient was isolated and started
on oseltamivir 75mg twice daily. Abdominal ultra-
sound scanning showed that his liver was diffusely
hyperechoic, in keeping with fatty infiltration.
Echocardiography showed eccentric left ventricular
hypertrophy (LVH) with dynamic systolic function.
Biochemical investigations before discharge including
CK and Cr were normal apart from ALT which
returned to normal post discharge from hospital. He
was discharged with advice regarding diet and
exercise.

Aims

The following systematic review was performed with
the aims of answering the following questions:

1. What are the patterns or combinations of organ
involvement that occur with rhabdomyolysis in
the context of CPT2 deficiency?

2. What modalities of organ support are required for
these patients? (i.e. what is the role of ICU/HDU
teams in the management of these patients?)

3. What are the patient outcomes that can be
expected in the acute setting in terms of in-hospital
mortality and renal function?

Methods

This systematic review was performed in accordance
with the Preferred Reporting Items for Systematic
Review and Meta-Analysis (PRISMA) statement rec-
ommendations.29 The study protocol was registered
to PROSPERO (registration ID: CRD42019123686).

The PubMed database was searched (search terms
can be found within Supplementary Figure 5) with no
restrictions on publication date. Inclusion criteria
were case reports or case series, describing patients
diagnosed with the adult form of CPTII deficiency,
experiencing acute rhabdomyolysis (here defined as
symptoms or clinical signs consistent with rhabdo-
myolysis and a value of CK> 1000 U/L), with result-
ing organ involvement (here defined as biochemical

Figure 3. Serum creatine kinase and creatinine levels over the course of the admission. 10% glucose IV infusion 2 mg/kg/h was

started within 4 h of admission. Hartman’s solution was commenced at a slower rate of 83 mL/h after 34 h. Hartman’s solution at the

full rate of 400 mL/h was commenced at 54 h.

Ivin et al. 169



evidence of organ dysfunction, for example
PaO2< 10 kPa for respiratory dysfunction, serum cre-
atinine (Cr)> range predicted for age and sex for
renal dysfunction) in the acute setting.

Articles were screened by a single researcher (NI)
and if any doubt regarding eligibility criteria fulfil-
ment arose then a second independent investigator
was involved (VDT). Articles not in English or that
could not be accessed were excluded. After identifica-
tion of eligible articles, data regarding patient
demographics, suspected triggers, biochemical inves-
tigations, medical management of the patient, and
patient outcomes in terms of in-hospital mortality
were extracted. Risk of bias was assessed at the
study level with the completeness of the reporting of
the case and outcomes. Omitted data were not
included in the descriptive analysis.

A formal meta-analysis was not appropriate due to
the heterogeneity of the studies and their methodolo-
gies. At the study level there was the risk of publica-
tion bias. The patterns of organ involvement and
organ support required were described categorically
– such that a patient with multiple organ failure/
requiring multiple organ support would be placed
into a new category of this combination, rather than
the comprising groups for each organ affected/sup-
ported. Patient demographics, serum creatinine and
CK values on admission were described, and the
rate of in hospital mortality was calculated, and
these were compared between the groups that did
and did not require organ support. Amongst the
cases in which renal function at discharge was

described, the rate of residual renal dysfunction at
discharge was described.

Results

Of all the articles identified in searches, 19 were
included in the final analysis28,30–48 (see Figure 4
and Supplementary Table 1). These comprised of 18
case reports and one case series; the case series
included one patient who met the inclusion criteria.
Full details of the included cases can be found in
Table 1 (online supplement). Of the 19 patients, the
mean age was 25.3 years (standard deviation 13.6,
range 3–47 years). Sex was stated in 18 cases, 15 of
which (83.3%) were male. Mean serum creatinine on
admission was 512 mmol/L, and mean CK on admis-
sion was 88,413 U/L. The most frequent suspected
triggers (stated in 17 cases) for rhabdomyolysis were
infection (7 patients, 41.2%), exercise (6 patients,
35.3%), drugs (2 patients, 11.76%), and fasting and
extremes of temperature (1 patient each, 5.9% each).

The most common patterns of organ involvement
in the acute setting was single organ renal involvement
in 16 patients (84.2%), followed by renal failure with
respiratory failure (2 patients, 10.6%), followed by
isolated respiratory failure (1 patient, 5.3%). This cor-
responded to the requirements for organ support
(stated in 18 cases); most frequently patients required
RRT (11 patients, 61.1%), followed by no support
(4 patients, 22.2%), followed by RRT and ventilation
(2 patients, 11.1%), followed by ventilation alone
(1 patient, 5.6%).

Figure 4. PRISMA flowsheet outlining numbers in each group of inclusion and exclusion. Full details of the search terms can be found

in Supplementary Figure 5. PRISMA: Preferred Reporting Items for Systematic Review and Meta-Analysis.
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In terms of patient outcomes, whether the patient
survived was stated in 18 cases, of which 1 patient
(5.9%) died, who showed isolated renal involvement
requiring haemodialysis.45 Renal function at the point
of discharge was stated in nine cases, one of which
(11.1%) still had evidence of renal dysfunction at
this time point.34 This patient had isolated renal
involvement treated with intravenous hydration,
intravenous bicarbonate, and diuretics, requiring
RRT. Renal function after discharge was only stated
in four cases; however, three of these were in reference
to a further attack of rhabdomyolysis.

When comparing the group of patients who
required no organ support and those that did, mean
age was similar (21.5 versus 24 years respectively) and
serum creatinine on admission was similar (551 versus
500 mmol/L respectively); however, mean CK on
admission was strikingly different (10,544 U/L in the
group requiring no support versus 110,660 U/L in the
group requiring support).

Discussion

For this patient, intravenous glucose 10%was given at
a rate of 2mL/kg/h to maintain high to normal level of
plasma glucose. This patient also received 13.6L total
of IV Hartmann’s solution at 400mL/h during their
admission, stopped when CK values fell sufficiently.
This patient also received potassium replacement at a
maximum rate of 10mmol/h (120mmol over total
admission). With this patient the trigger for rhabdo-
myolysis was less clear early in the admission than in
other cases; initially the myalgia and hyperpyrexia
were attributed to the rhabdomyolysis itself rather
than related to a potential cause. The overlap in symp-
tomology of influenza (and viral in general) infection
and rhabdomyolysis in these patients means that in the
absence of a clear trigger other than viral infection,
care teams should have a low threshold for isolation,
respiratory contact precautions, respiratory viral
swabs, and empirical antiviral administration.

With the management as outlined above, the
patient reported here avoided all organ involvement
during this episode of rhabdomyolysis, and as such
required no organ support. Despite this, he benefitted
in this instance from early admission to ICU from the
environment which allowed close monitoring of fluid
balance, his haemodynamic status, his electrolytes,
and his CK values. This may be even more important
in individuals who at greater risk of fluid overload or
cardiac failure – although cardiac involvement in the
phenotype of the disorder is not a universally recog-
nised element, echocardiography in this otherwise
healthy man patient displayed LVH.

The findings of our systematic review suggest that
he was most at risk of developing isolated renal failure
– early ICU admission also confers the benefit of
prompt initiation of RRT in the case of an indication
arising. Our results suggest that despite patients

frequently requiring RRT, outcomes in terms of
patient survival and renal function are favourable,
suggesting that all patients in this cohort should be
offered RRT if indicated. Our results also generate the
interesting hypothesis that the CK levels on admission
may be of predictive value in terms of the eventual
need for organ support, and so high CK values in the
first instance may further support the case for early
ICU admission. The outcomes of this patient taken
with his CK of 26,884 U/L on admission are consist-
ent with this hypothesis; however, this requires further
directed study to support this.

Limitations of our study at the review level were
the small number of cases, incomplete retrieval of
identified research, and the potential for publication
bias. Limitations at the study level were heterogeneity
between the patients themselves, the healthcare sys-
tems and teams in which they were cared for, and
the reporting of the cases.
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