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Abstract

Background: Multiple acyl-CoA dehydrogenase (MADD) deficiency repre-

sents a rare fatty acid oxidation disorder where sporadic reports of pancreatitis

already exist. Here, we report three cases of MADD with pancreatic involve-

ment raising questions whether this represents an incidental finding or it is

related to the pathophysiology of MADD.

Methods: We have retrospectively studied the clinical, biochemical and radio-

logic data of patients with MADD diagnosed in our department over the last

20 years to identify patients with pancreatic involvement.

RESULTS: Three out of 17 patients had pancreatic involvement. All three

patients were diagnosed with MADD in the neonatal period (two-third

symptomatic—riboflavin nonresponsive, one-third asymptomatic via newborn

screening—riboflavin responsive). Age at presentation of pancreatitis ranged

from 20 months to 11 years. Presentations included a single episode of acute pan-

creatitis in the first patient, chronic necrotizing pancreatitis in the second patient,

while the third patient was diagnosed with chronic pancreatitis (CP) incidentally

through ultrasonography. All patients had inflammation features on either

abdominal computed tomography or ultrasound. Pancreatic enzymes were ele-

vated in two patients. Management of pancreatitis was done conservatively while

the patient with necrotic CP required subtotal pancreatectomy.

DISCUSSION: Our data suggest that pancreatitis might be more common in

patients with MADD than previously reported, requiring a high index of suspi-

cion in patients with acute metabolic decompensation or nonspecific abdomi-

nal symptoms. We hypothesize that the underlying mechanism of pancreatitis

in MADD is similar to that in mitochondrial disorders, both resulting from dis-

ordered energy metabolism and oxidative phosphorylation.
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1 | BACKGROUND

Multiple acyl-CoA dehydrogenase deficiency (MADD; MIM
#231680) is a rare mitochondrial fatty acid oxidation (FAO)
disorder caused by pathogenic mutations in the electron
transfer flavoprotein genes (ETFs; ETFA or ETFB) or ETF
dehydrogenase (ETFDH).1 These flavoproteins are essential
for electron transfer from multiple FAD-linked acyl-CoA
dehydrogenases of β-oxidation to the respiratory chain.2

The disrupted transfer of electrons generated by dehydroge-
nation reactions, to the mitochondrial respiratory chain
leads to impaired mitochondrial FAO and accumulation of
short-, medium-, and long-chain acyl-carnitines in various
tissues and lipid accumulation in skeletal muscles, while
impaired amino acid and choline metabolism represent
additional pathways affected in the disease.3 MADD
patients show a wide spectrum of clinical severity and vari-
able presentations which are divided based on age of onset
in two groups: the neonatal-onset type with/without con-
genital anomalies (type I/II) and the late onset subgroup,
with manifestations in adolescence or adulthood (type III).1

Nonketotic hypoglycemia, metabolic acidosis, hypotonia,
hepatic dysfunction, cardiomyopathy, myopathy, exercise
intolerance, and rhabdomyolysis represent the most com-
mon features of MADD.2-3 Patients are additionally catego-
rized according to riboflavin responsiveness.4

Pancreatitis is an inflammatory condition of the pan-
creas with variable involvement of peripancreatic tissues
and/or distant organ systems.5 It is classified into three
categories: acute pancreatitis (AP), acute recurrent pan-
creatitis (ARP), and chronic pancreatitis (CP).6 Etiologies
in pediatric patients include gall stones, drug induced
pancreatitis, trauma, autoimmune systemic disorders and
less commonly, infections, metabolic disorders, and
hereditary pancreatitis due to genetic abnormalities.7

Despite being an uncommon etiology of pancreatitis,
various inborn errors of metabolism (IEMs) have been
reported to be associated with it. Lipid disorders, organic
acidemias, mitochondrial disorders, glycogen storage dis-
ease type 1, Wilson's disease, homocystinuria, and acute
intermittent porphyria are the most common IEMs
where pancreatic involvement has been reported.5-9 Pan-
creatitis has also been described as one of the rare com-
plications of MADD.10,11 Herein, we report three cases of
MADD patients with pancreatitis, raising the question
whether this represents an incidental finding or is related
to the pathophysiology of the disease.

2 | PATIENTS AND METHODS

We have retrospectively studied the clinical, biochemical
and radiological data of patients with MADD diagnosed

in our department over the last 20 years to identify patients
with pancreatic involvement. Diagnosis of pancreatitis was
made based on INSPPIRE criteria.12 According to that, diag-
nosis of AP requires two of the following criteria:
(a) characteristic abdominal pain (epigastric or right upper
quadrant with/without radiation to the back), (b) serum amy-
lase and/or lipase values three or more times the upper limit
of normal (c) diagnostic imaging findings (ultrasound, mag-
netic resonance imaging, or computed tomography [CT])
compatible with AP. ARP is defined as two or more separate
episodes of AP with normalization of serum pancreatic
enzyme levels or complete resolution of pain for ≥1 month in
between the episodes. CP is characterized by at least one of
the following: (a) abdominal pain consistent with pancreatic
origin and imaging findings suggestive of chronic pancreatic
damage (including pancreatic calcifications, ductal dilatation,
fluid collections and pancreatic fibrosis), (b) evidence of exo-
crine pancreatic insufficiency and suggestive pancreatic imag-
ing findings, and (c) evidence of endocrine pancreatic
insufficiency and suggestive pancreatic imaging findings or
surgical or pancreatic biopsy specimen demonstrating histo-
pathological features compatible with CP.12

3 | RESULTS

Here, 17 patients were diagnosed with MADD, and
6 patients were male and 11 females. Eleven patients
were riboflavin responsive. Then, 3/17 patients (17.64%)
had pancreatic involvement based on the above-
mentioned criteria. The epidemiological, clinical, labora-
tory, and radiological data of those three patients are
presented in Table 1.

3.1 | Case reports

3.1.1 | Case 1

This is a 4-year-old female, born to consanguineous
Pakistani parents. Neonatal hypoglycemia in the pres-
ence of a right multicystic dysplastic kidney and
abnormal results in newborn screening (elevated C8
acylcarnitine with normal C8/10 ratio) raised the suspi-
cion of MADD. The diagnosis was confirmed with a
repeat acylcarnitine profile, abnormal FAO flux studies,
and genetic analysis. Initial riboflavin administration
was discontinued when patient was found to be non-
responsive. She was additionally treated with a fat and
protein restricted diet and ketone bodies and ubiquinone.
Medium chain triglyceride supplementation was as well
used as patient has shown on multiple occasions essential
fatty acid deficiency. She was noted to have hypotonia
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TABLE 1 Clinical, biochemical, and radiological features of patients diagnosed with MADD and pancreatitis

Case 1 Case 2 Case 3

Sex Female Female Female

Age at diagnosis of MADD Day 1 Day 5 Day 2

Mode of diagnosis Symptomatic NBS Symptomatic

Carnitine profile at diagnosis Abnormal/diagnostic Abnormal/diagnostic Abnormal/diagnostic

FAO flux studies Abnormal/consistent with
MADD

Abnormal/consistent with
MADD

Abnormal/consistent with
MADD

Genetics ETFDH gene: Homozygous c.
1325C > T p.(Ser442Leu)

Not done ETFDH gene: Heterozygous
mutation in exon 4
(c.413 T > G p.L138R) and
heterozygous splicing
mutation in intron 12 (c.1690
+ 2 T > G)

Riboflavin response Nonresponsive Responsive Nonresponsive

Age at diagnosis of pancreatitis 1.8 y 13 y 4 y

Initial symptoms on
presentation of pancreatitis

Acute metabolic
decompensation, multiorgan
dysfunction

Incidentally discovered on
abdominal US

Acute abdomen, feeding
intolerance, vomiting, diarrhea

Diagnostic criteria of
pancreatitis

Acute pancreatitis: Abdominal
pain

Raised serum lipase
Suggestive Imaging findings

Chronic pancreatitis
Abdominal pain Suggestive
imaging findings

Chronic pancreatitis with flares
of acute pancreatitis:

Abdominal pain
Raised serum lipase
Suggestive imaging findings

Time interval between onset of
symptoms and diagnosis

4 d 6 mo 3 mo

Amylase level at presentation
(U/L)

52 N/A 223

Lipase level at presentation
(IU/L)

391 N/A 1570

Imaging findings U/S diffuse subcutaneous edema
and widespread ascites

U/S the visualized pancreas is
diffusely heterogeneous in
echotexture suggestive of
chronic pancreatitis

CT abdomen: pancreatitis with
multiple inflammatory
collections within the
abdomen and a pancreatic
pseudocyst

Treatment Conservative N/A Subtotal pancreatectomy

Duration of longest admission
due to pancreatitis

6 mo N/A 20 mo

IV fluids and TPN
management (during
pancreatitis episodes)

TPN
PN 80 mL/kg
Glucose 11 g/kg
Lipid 1.5 g/kg
Protein 1.1 g/kg
Calories: 699 kcal/d
Weight: 11.44 kg

N/A First episode: TPN
PN: 60 mL/kg (80%
maintenance)

Glucose 11.3 g/kg
Protein 0.9 g/kg (25% of energy)
Lipid 1.2 g/kg (24% of energy)
Calories: 841 kcal
Weight: 17.8 kg
Second episode
PN: 70 mL/kg
Glucose 11.4 g/kg
Protein 1 g/kg
Lipid 1.8 g/kg
Calories 63.7 kcal
Weight: 20.6

(Continues)
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with motor delay and polyneuropathy. No metabolic
decompensations were noted till the age of 1.8 years. At
this age, she presented with a 4-day history of vomiting,
acute epigastric pain, and feeding intolerance. She was
initially managed with intravenous fluids (dextrose 10%,
GIR 5.8 mg/kg/min), which was increased to 12.5%
(GIR 7.3 mg/kg/min) due to hypoglycemia. She quickly
deteriorated with acute metabolic decompensation and
multi-organ dysfunction requiring PICU admission and
mechanical ventilation. She required CVVH for fluid
management and was started on TPN on which her
blood glucose stabilized. Lipase level was 391 IU/L, while
amylase was 52 U/L (normal reference range: lipase
10-150 IU/L, amylase 30-100 U/L). Abdominal sonogra-
phy showed diffuse subcutaneous edema and ascites
with unremarkable pancreatic appearances; however,
further imaging was not performed. Her lipase peaked to
572 IU/L and she finally improved on conservative treat-
ment. Feeds were reintroduced gradually. No further epi-
sodes of pancreatitis were documented to date. She
remains otherwise stable, with intermittent episodes of
hypoglycemia associated with intercurrent illnesses.

3.1.2 | Case 2

This is a 15-year-old female born to non-consanguineous
parents of Eritrean origin. She was diagnosed with

riboflavin-responsive MADD after abnormal neonatal
screening. Biochemistry and FAO flux studies confirmed
the diagnosis. She otherwise had developmental delay
and hypermobility attributed to coexistence of Trisomy 21.
She responded well to riboflavin supplementation and
remained stable during the course of the disease on an
unrestricted diet. At the age of 13 years, she was inciden-
tally found to have CP based on ultrasonographic findings
showing diffusely heterogeneous pancreas in echotexture
with multiple foci of parenchymal and low echogenicity
associated with moderate hepatic steatosis (Figure 1A).
This was preceded by a 6-month history of recurrent epi-
sodes of abdominal pain, associated with vomiting, that
required multiple visits to the emergency department. She
additionally had an episode of metabolic decompensation
4 months earlier with elevated CK, transaminitis, and
muscle pain, where no definite cause was identified. These
episodes were managed by oral emergency regime (glucose
polymer 25%). Amylase and lipase were not assessed
unfortunately in any of those episodes. To date the patient
remains stable with no additional episodes of metabolic
decompensation or pancreatic deterioration.

3.1.3 | Case 3

This is a 10-year-old female that presented on day 2 of life
with hypoglycemia and cardiac arrest. Metabolic workup

TABLE 1 (Continued)

Case 1 Case 2 Case 3

Dietary management (during
pancreatitis episodes)

Moderate protein and fat
restricted diet was
reintroduced

725 kcal (63.4 kcal/kg/d)
Protein 12.66 g (1.1 g/kg/d)
CHO 129 g (11.3 g/kg/d)
Fat 17.1 g per day (1.5 g/kg/d)

Unrestricted diet and emergency
regime (glucose polymer 25%)

In all episodes: moderate protein
and fat restricted diet was
reintroduced.

Example of diet in the first
episode: 1033 kcal (58 kcal/kg/
d), protein 15.3 g (0.86 g/kg/d)
(25% of energy)

CHO 51% of energy
Fat 28 g per day (1.57 g/kg/d)
(24% of energy)

Duration of TPN dependence 1 mo N/A 3 mo (first episode)
17 mo (second episode)

Concurrent MADD treatment
(during pancreatitis
episodes)

Carnitine 50 mg/kg/d
Hydroxybutyrate 150 mg/kg/d
Ubiquinone 30 mg three times
daily

Carnitine 50 mg/kg/d
Riboflavin 100 mg twice daily

Carnitine 20 mg/kg/d
Hydroxybutyrate 75 mg/kg/d
Ubiquinone 30 mg three times
daily

Other medical management N/A N/A Octreotide infusion (first
episode): 4 mcg/kg/h

Surgical management N/A N/A Partial pancreatectomy

Subsequent course No further episodes Chronic pancreatitis Chronic necrotic pancreatitis

Abbreviations: CT, computed tomography; FAO, fatty acid oxidation; MADD, multiple acyl-CoA dehydrogenase.
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was indicative of MADD and diagnosis was genetically
confirmed. She was initially treated with riboflavin
but showed no responsiveness. She received a fat and
protein restricted diet and ubiquinone. She had quite
severe symptoms with pronounced hypotonia and during
the course of her disease, she developed hypoventilation
due to myopathy, hypothyroidism, osteoporosis, renal
tubulopathy and left ventricular hypertrophy. At the age
of 4 years, she presented with abdominal pain, vomiting,
diarrhea, and feeding intolerance, following a port-a-cath
infection. Pancreatic enzymes showed a lipase of
1570 U/L and amylase of 223 U/L. Abdominal sonogra-
phy at this time was normal, yet the pancreas was not
visualized. She required TPN with multiple failed trials of
feeding reintroduction. Feeds were finally introduced
again after 3 months. She received octreotide infusion
during this episode for treatment of pancreatitis. At the
age of 5 years, she had another episode of AP following
an RSV infection. She deteriorated rapidly and developed
respiratory distress, metabolic acidosis, elevated CK, and
transaminitis. TPN was started with multiple failed trials
of feeding reintroduction. CT abdomen showed multiple
inflammatory collections, and a pancreatic pseudocyst
within the uncinate (Figure 1B,C). Multiple ultrasono-
graphic attempts of drainage of the pseudocyst and intra-
bdominal collections failed. She underwent a partial
pancreatectomy which has not relieved her symptoms.
She remained hospitalized for a total of 20 months and
finally had to undergo ERCP for stenting of the pancre-
atic duct, splenectomy, and subtotal pancreatectomy.
Since then, no further episodes of pancreatitis have been
reported. She suffers from postpancreatectomy diabetes

and pancreatic exocrine insufficiency and is on pancre-
atic enzyme replacement therapy in addition to her regu-
lar treatment.

4 | DISCUSSION

We describe three patients with MADD who developed
pancreatitis during the course of their disease. As this
accounts for 18% of our MADD patients (3/17), it raises
significant questions in regards to the etiopathological
mechanisms behind this high incidence of pancreatic
involvement. All three patients are females and were
diagnosed with MADD as neonates. Age at presentation
of pancreatic symptoms ranged from 20 months to
11 years. Early manifestations included abdominal pain,
vomiting, and diarrhea. Presentations included a single
episode of AP, necrotic CP with recurrent flares of AP,
and CP as an incidental finding. Imaging was suggestive
of pancreatitis. Serum lipase was elevated in both symp-
tomatic patients, while amylase was increased only in
one patient. Time interval between development of pan-
creatic symptoms and the diagnosis ranged between
4 days and 6 months. The delayed diagnosis of pancreati-
tis in two patients highlights the importance of having a
high index of suspicion in patients with acute metabolic
decompensation, or nonspecific abdominal symptoms, to
avoid the potential life-threatening risk associated with
missing the diagnosis. Management of pancreatitis
followed NICE guidelines13 while the patient with
necrotic CP finally required partial pancreatectomy.
Annular pancreas which is associated with trisomy 21 as

FIGURE 1 Pancreatic imaging findings. A, Case 2: abdominal ultrasonography: The visualized pancreas is diffusely heterogenous in

echotexture with multiple foci of parenchymal low echogenicity in keeping with chronic pancreatitis. B,C Case 3: Contrast enhanced CT

abdomen: evidence of an inflammatory thick-walled pseudocyst in the region of the uncinate process of the pancreas (34 × 34 mm). In

addition, there is dilatation and ectasia of the pancreatic duct and a large pseudocyst demonstrated in the pancreatic tail. This extends out to

Gerota's fascia on the left side and has a more linear course adjacent to the descending colon to terminate in a very large pseudocyst

(measuring 71 × 75 × 87 mm) which extends toward the anterior abdominal wall and reaches almost into the left side of the pelvis. Small

inflammatory pseudocysts in the region of the splenic hilum and greater curve of the stomach are seen
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a cause of recurrent pancreatitis was excluded in the sec-
ond patient by abdominal U/S, even though no MRCP
was done which would be the imaging modality of choice
to exclude this. Other metabolic derangements such as
hyperlipidemia, hypertriglyceridemia, hypercalcemia,
and diabetes mellitus, which could possibly be the cause
of pancreatitis, have been as well excluded in our
patients. In addition, none of our patients received any
kind of medication reported to increase the possibility of
having pancreatitis. A panel of genes associated with
hereditary forms of pancreatitis was done in the third
patient of our cohort and results were normal.

On review of previously reported cases, pancreatitis
associated with MADD was first described in a 2-year-old
girl presenting with nonketotic hypoglycemia, metabolic
acidosis, and finally coma following a respiratory tract infec-
tion. Unfortunately, the patient had not survived the epi-
sode and pancreatitis was diagnosed as an autopsy
finding.10 The second report of MADD associated pancreati-
tis is of a 22-year-old female patient, experiencing exercise
intolerance since early childhood. She developed her first
episode of AP at the age of 11 years and had five additional
episodes with complete recovery in between. Abdominal
ultrasound revealed enlarged pancreas with calcifications.
Diagnosis of MADD was made by organic acid analysis in
urine and patient showed a favorable response to ribofla-
vin.11 In both cases, diagnosis of pancreatitis preceded that
of MADD. On the contrary, in our cohort, MADD diagnosis
was established in the neonatal period. There has been a
substantial delay in diagnosing pancreatitis in our patients,
partially explained by its nonspecific early manifestations. It
is also noted that, the manifestations and course of pancrea-
titis was severe in our patients with riboflavin non-
responsive MADD, with an earlier onset of pancreatitis in
childhood, in comparison to the milder course in the
responsive patient, with a later onset in adolescence. This is
in agreement with the report by Liang et al.11

Apart from MADD, pancreatitis has been described
in various IBMs, especially in patients with energy
metabolism disorders. Among those, mitochondrial dis-
ease patients have occasionally pancreatic involvement,
with or without exocrine pancreas insufficiency.9,14 In
some of those patients, pancreatitis manifests with
asymptomatic isolated amylase or lipase elevation with-
out imaging abnormalities.9 This is similar to our first
case, where abdominal ultrasonography failed to reveal
findings indicative of pancreatitis, requiring further imag-
ing with abdominal CT.

The pathophysiology of pancreatitis in mitochondrial
disorders is presumed to be multifactorial. Acinar cells
responsible for the synthesis and secretion of digestive
enzymes contain a high density of mitochondria, as they
require mitochondrial ATP production to provide

sufficient energy for exocytosis of pancreatic digestive
proenzymes.15,16 In addition, exocytosis requires large
cytosolic Ca2+ signals for which energy is provided by
mitochondrial ATP production.15 It is speculated that pan-
creatitis in mitochondrial disorders is associated with a met-
abolic defect in exocrine pancreas cells leading to defective
enzyme secretion, finally resulting in intracellular protease
accumulation and activation.9 In addition, mitochondrial
dysfunction and oxidative stress lead to caspase 9 and 3 acti-
vation15,17 and subsequent activation of other downstream
enzymes causing apoptosis or necrosis.15,18 Those processes
are known to be implicated in the pathogenesis of pancre-
atic inflammation.19 Several studies have suggested that
reactive oxygen species (ROS) are involved in the pathogen-
esis of pancreatitis.15,20,21 Respiratory chain enzyme defi-
ciencies increase ROS production, generating superoxide
anions and other free radicals. Such oxidative stress has
been shown to decrease mitochondrial membrane potential
leading to mitochondrial dysfunction and inducing mtDNA
damages in acinar cells.22 Finally, altered composition of
the pancreatic secretions found in mitochondrial disease
patients can lead to obstruction of the exocrine pathways
and consequently to pancreatitis.9

ETF is located in the mitochondrial matrix and
receives electrons from several dehydrogenases involved
in FAO, choline and amino acid metabolism. Those elec-
trons are transferred to ETFDH, located in the inner mito-
chondrial membrane, and subsequently, to ubiquinone
in the respiratory chain, leading to ATP production.23,24

As a result, in MADD, the acyl-CoA dehydrogenases
are unable to transfer electrons generated by dehydroge-
nation reactions, resulting in the accumulation of various
intramitochondrial acyl-CoA esters.3 It is already known
that zebrafish mutant in ETFDH and fibroblast cells from
MADD patients demonstrate mitochondrial dysfunction,
reduced oxidative phosphorylation, increased oxidative
stress and dysregulated ROS production.25-28 In addition,
upregulation of mitochondrial chaperones indicative of
mitochondrial stress was detected in fibroblast studies
with downregulation and impaired activity of alpha and
beta subunits of ATP synthase complex. Several apoptotic
proteins were also found to be overexpressed in MADD
fibroblast cells.28 As all the above-mentioned findings
have been reported in literature to be involved in the
pathogenesis of pancreatitis in mitochondrial disease
patients, one can hypothesize that the pathophysiology
behind the development of pancreatitis in MADD could
have a similar basis. Even patients with riboflavin respon-
sive MADD are known to have chronic persistent mild
oxidative stress despite riboflavin treatment,27,29 which
could possibly explain the occurrence of pancreatitis in
riboflavin responsive MADD patients both in our cohort
and in literature.
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Mitochondrial dysfunction has also been described in
other IEMs such as organic acidemias, glycogen storage
disease type Ia and hypercholesterolemia with increased
mitochondrial oxidative stress, impaired mitophagy,
abnormal oxidative phosphorylation, and ultrastructural
mitochondrial abnormalities implicated in pathogenesis
of secondary mitochondrial dysfunction in these disor-
ders.30-34 As pancreatitis was also reported in these disor-
ders, one can hypothesize that there could be a similar
pathophysiology behind the development of pancreatitis
in various IEMs including MADD.

5 | CONCLUSIONS

Based on the above-mentioned findings pancreatitis might
be more common in patients with MADD than previously
reported, requiring a high index of suspicion in patients
with acute metabolic decompensation, or nonspecific
abdominal symptoms. This should prompt further assess-
ment with serum amylase/lipase levels and imaging studies.
We hypothesize that the pathophysiology and underlying
mechanisms of pancreatitis in MADD is similar to that in
mitochondrial disorders, both resulting from disordered
energy metabolism and oxidative phosphorylation. Further
reports are required to study the characteristics of pancreati-
tis in this rare metabolic condition and confirm the hypoth-
esis that the increased incidence of pancreatitis in MADD is
not just coincidental.
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