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Artid_e History: Objectives: Multiple acyl-CoA dehydrogenase deficiency (MADD) is the most severe disorder of mitochondrial
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bodies such as NaBHB, is the only treatment option in severe cases. Short-term therapy attempts have shown
positive results. To our knowledge, no reports exist concerning long-term application of ketone body salts in
patients with severe MADD.

Methods: This case report is a detailed retrospective metabolic analysis of a boy with severe MADD. Treat-
ment with sodium (3-hydroxybutyrate (NaBHB) started 8 d after birth using gradually increasing doses. In
the initial phase, metabolic and acid-base parameters were checked multiple times a day. After 8 y of stan-
dardized therapy with 16 g Na3HB, substitution with calcium (3-hydroxybutyrate (CaBHB) was attempted.
In addition to the 3-hydroxybutyrate (3HB) supplementation, continuous adjustments were made to the
child's nutrition to provide necessary nutrients.

Results: Treatment with BHB salts leads to adverse effects like gastrointestinal discomfort and alkalosis. Mea-
sured concentrations of BHB were predominantly at 0.1 mmol/L or below detectable concentration. Nutri-
tional therapy based on amino acid and acylcarnitine profiles is a necessary part of the therapy in MADD.
Conclusions: Therapy with NaBHB is lifesaving in cases of severe MADD but can have significant adverse
effects. Supplementation with CaBHB led to gastrointestinal discomfort and had no additional positive clini-
cal effect. The determined tolerable dose of BHB salt for long-term therapy was not high enough for a notable
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increase of BHB concentrations in blood.
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Introduction

Multiple acyl-coenzyme A dehydrogenase deficiency (MADD),
also known as glutaric aciduria type II, is an autosomal recessively
inherited disorder of mitochondrial fatty acid oxidation [1,2]. The
first description of this metabolic disease, which causes an
increased urinary excretion of glutaric acid, was in 1976 [2]. The
disorder is caused by a functional impairment of either the electron
transfer flavoprotein with its two subunits (ETFA and ETFB) or of
the ETF dehydrogenase (ETFDH; synonym ETF ubiquinone oxidore-
ductase, short ETF-QO) [3]. Clinically, MADD is characterized by a
severe (cardio)myopathy, resulting from the dependency of muscle
cells on fatty acid [3-oxidation and by leukodystrophy [4—6]. A crit-
ical metabolic side effect of MADD is hyperammonemia, which is
probably caused by the lack of acetyl-CoA from the fatty acid
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oxidation resulting in a decrease of N-acetyl-glutamate, which is
an activator of the first step of the urea cycle. Hyperammonemia,
toxic short-chain fatty acids, and a low level of ketone bodies play
arole in the emergence of encephalopathy during episodes of acute
decompensation [7]. The diagnosis of MADD is suggested by abnor-
mal profiles of urinary organic acids and blood acylcarnitines [3,8].
Depending on the severity of the enzymatic defect, several pheno-
types are described. Type I appears in the neonatal period and is
characterized by additional congenital anomalies. Type II has the
same time of onset but shows no anomalies. Type III has a mild (or
later) onset of symptoms [9]. Apart from riboflavin-responsive
forms of MADD, treatment is very difficult [6]. There is no causally
efficacious therapy. The application of riboflavin, L-carnitine, gly-
cine, and a diet with restricted intake of fat and protein can be
helpful [3].

Several reports about the treatment of MADD with [3-hydroxy-
butyrate (BHB) sodium salt (NaHB) have been published. The first
report was about a 12-mo-old girl treated using a maximum daily
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dose of 10 g BHB in combination with a low-fat and carbohydrate-
rich diet [10]. In a summary report of three children with MADD
2 mo to 2 y of age, an intervention with 450 to 900 mg/kg body
weight (bw) BHB resulted in considerable improvement during an
observation period of 11 to 19 mo. In all cases, the intake of sodium
[BHB salt was not reported to be associated with adverse effects [4].
A 2.5-y-old boy with MADD and diffuse leukodystophy exhibited a
rapid clinical improvement within 6 to 8 mo after using a daily
BHB dosage of 600 mg/kg bw. Follow-up after 2.5 and 3 y revealed
a further reduction of symptoms and improvement of the leuko-
dystrophy. The treatment with sodium BHB was described as effec-
tive and safe [11]. The latest publication found no increase in blood
ketone bodies on a daily oral dose of 900 mg/kg bw [BHB in an
8-mo -old girl with severe MADD. A detection of ketone bodies and
an improvement of clinical parameters was first observed after
treatment with 2600 mg/kg bw BHB salt [12].

In the present study, the course of treatment with BHB salts in a
patient with severe MADD over a time period of 10 y is described,
presenting the first long-term report of ketone body therapy in
MADD.

Methods

The case presentation is based on a retrospective data analysis of a patient
with severe MADD during a 10-y observation period.

Case presentation

Patient history and medical observations

The 10-y-old boy was the first child born to parents of Turkish origin. Birth
weight (3360 g), body length (52 cm), and head circumference (38 cm) were
within the normal ranges. Seizures, respiratory insufficiency, and coma developed
5 d postnatally. Diagnostics revealed lactic acidosis (5.2 mmol/L), massive hyper-
ammonemia (3136 wg/dL), and a pathologic profile of acylcarnitines characterized
by an increase of short-, medium- and long-chain acylcarnitines (C4—C16). Hemo-
dialysis followed by continuous venovenous hemodialysis and carbamoyl glutamic
acid given to stimulate the urea cycle decreased the ammonia level to 127 pg/dL
within 18 h and the child became more alert and active. Beyond the first critical
event, a hyperammonemic coma 5 d after birth, the patient experienced problems
during the first year of life, with the main problems being recurring vomiting,
dehydration, and problems with the intake of nutrients.

Diagnosis of MADD was confirmed by metabolic, enzymatic, and molecular
parameters. The genetic analyses showed a homozygous mutation for ¢.1141 G>C
(G381 R) typical for a deficiency of ETF dehydrogenase.

The boy learned to walk within the second year of life. In the third year, he lost
the ability to walk and there was increased spasticity of the lower extremities. The
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MADD-typical leukodystrophy was detected in a magnetic resonance tomography
when the boy was 23 mo of age. Echocardiograms showed no signs of cardiomyop-
athy during the 10 y of treatment.

At 3y of age, electroencephalography showed a highly pathologic pattern and
an active generalized disposition to seizures. Treatment with a combination of the
antiepileptics levetiracetam and ethosuximide led to a mostly clinical seizure-free
period. For 2 y, the optimized pharmacologic and nutritional treatments have
enabled the patient to be completely seizure free.

The child has developed kidney stones (100 % calcite; calcium carbonate) facil-
itated by severe alkalosis during NaBHB therapy.

In the course of treatment, the patient experienced episodes of metabolic
decompensation nearly once a year. These deteriorations were caused by bacterial
and fungal infections, especially port infections. A short interruption of enteral
BHB therapy, for example, preceding and during general anaesthesia, was another
reason for metabolic crisis.

Ketone body therapy

An increasing daily dose of Naf3HB (Sigma-Aldrich Corporation, St. Louis, MO,
USA; purity >99; racemat, D/L-form) from 0.2 to 2.7 g/kg bw (1.59—-21.41 mmol D/
L-BHB/kg bw) was administered during the first days of life (starting at 8 d postna-
tal). No critical clinical events occurred in the initial phase of the treatment; how-
ever, the patient developed metabolic alkalosis and hypernatremia. Even with
high NaHB doses, the concentration of BHB in the blood increased only mini-
mally to 0.220 mmol/L, which is low, as depicted as a flat rise in the curve in
Figure 1. During treatment with high doses of Naf3HB, the patient developed mas-
sive alkalosis (pH 7.60; partial pressure of carbon dioxide 54 mm Hg, bicarbonate
52 mmol/L, base excess 27 mmol/L) and severe hypernatremia (165 mmol/L). A
decrease of the NaBHB dosage was necessary to reduce the sodium load and to
improve alkalosis.

In the following years, the dose of NaBHB in g/kg bw was slowly increased and
reached a stable standard daily dose of 16 g Na3HB (1.4 g/kg bw; 126.89 mmol
D/L-BHB) after 2 y and 5 mo. Higher doses were not tolerated because severe alka-
losis (pH > 7.50) and severe hypernatremia (sodium > 150 mmol/L) developed.
Current dosage corresponds to 0.8 g/kg bw daily. A renewed increase, like the ini-
tial phase, was not possible because of side effects like alkalosis and vomiting or
further undesirable symptoms. Based on change in body weight, a steady reduc-
tion in dosage has occurred over time (Fig. 2).

An increased BHB concentration in serum with a maximum of 0.350 mmol/L was
observed only in the first months of treatment. Later, the concentrations remained
below the detection limit of 0.100 mmol/L in serum. Interruptions of NaBHB therapy
led to metabolic problems like hyperammonemia and metabolic crisis.

Despite the execution of all possible therapeutic procedures, it was impossible
to stabilize the positive development of the child. In the first 2 y, with high doses
of NaBHB, the patient had an almost normal development and learned to walk
without support. When Naf3HB doses had to be decreased because of side effects,
the patient lost the ability to walk. He is mentally disabled, probably because of
the episode of severe hyperammonemia directly after birth and the later occurring
leukodystrophy.

After 8 y of therapy with 16 g/d Naf3HB, a new possibility of BHB intake, using
a food-quality calcium salt available from a US manufacturer (KetoTech Inc., Sey-
mour, IL, USA), was explored. The child was hospitalized for the test phase and
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Fig. 1. First 12 d of treatment with Naf3HB in a patient with severe MADD with a mark-up of critical phases. (A) Dose of NaBHB per day in g/kg bw and (B) pH during the initial
phase of ketone body therapy. 3HB, B-hydroxybutyrate; bw, body weight; MADD, multiple acyl-coenzyme A dehydrogenase deficiency; NaBHB, sodium [3-hydroxybutyrate.
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Fig. 2. A 10-y course of NaBHB supplementation (g/kg bw) in a patient with severe MADD. Bw, body weight; MADD, multiple acyl-coenzyme A dehydrogenase deficiency;

NaBHB, sodium 3-hydroxybutyrate.

Table 1
Composition of safflower and walnut oil including SFAs, MUFAs, and PUFAs in dependence of the administered oil dosage in mL/d
Oil type Oil (mL/d) Oil (g/d) SFA (g) MUFA (g) C18:1(g) PUFA (g) C18:2(g) ALA C18:3(g)
Safflower oil 6 5.580 0.530 0.614 0.575 4218 4.191 0.028
8 7.440 0.707 0.818 0.766 5.625 5.587 0.037
10 9.300 0.884 1.023 0.958 7.031 6.984 0.047
12 11.160 1.060 1.228 1.149 8.437 8.381 0.056
15 13.950 1.325 1.535 1.437 10.546 10.476 0.070
Walnut oil 6 5.532 0.581 1.062 1.012 3.623 2.899 0.675

ALA, a-linoleic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.

Table 2

Overview of the 10-y nutritional therapy including native protein, total fat, fat from normal food, critical amino acids (1-isoleucine, i-citrulline), and supplementation of essen-

tial fatty acids (safflower oil, walnut oil, ®-3 product)

Year Native protein (g) r-isoleucine (g) i-citrulline (g) Fattotal (g) Maximum fat from nutrition (g) Safflower oil (mL) Walnut oil (mL) -3 product (g)

2 11 0.2* - 14.5 2.5 6 6 -
11.5-14 2 1.5

3 115 0.2* 2 12.8 1.5 6 6 —
14 0.1 13.5-14
16

0.1

4 17-18 0.1 2 12 5-6 6 — 4
18-20
20 0.1 14 8 2

5 23-25 0.1* 2 17 5-7 10 — 1
25 6 10-12 0.5

6 25 0.1 6 17 5-7 10-12 - 0.5
27 7-8 10

7 27 0.1" 6 17 7-8 10 — 0.5

8 27 0.1 6 15 Only tube feeding Use of a dietetic product containing fat 0.5
28

9 28 0.1° 6 17 4 -
30 29

10 30 0.1 6 29 4 —

*Every 2 d.
'Daily.

As required.

given a starting dose of 10 g/d (40.60 mmol D/L-VHB/d) in addition to the ongoing
therapy with NaBHB. While keeping an eye on metabolic parameters, a constant
dose adjustment, 5 g of the BHB-salt (20.30 mmol D/L-BHB) at a time, was made
in periods of 1 to 2 d. During the first 10 d of treatment, the additional therapy did
not cause any specific clinical events. After 10 d with the maximum dose of 35 g
Ca3HB (142.12 mmol D/L-BHB/d) in addition to the 16 g/d Na3HB (total daily
intake 269.01 mmol D/L-BHB), calcium levels (3.08 mmol/L) went off the scale and
led to a metabolic alkalosis (pH 7.53). At the same time, serum showed a very small
increase of BHB (maximum 0.18 mmol/L). The effect of the high-calcium content in
serum was similar to the effect of the high-sodium content in the first alkalosis
that occurred during the initiation phase with the NaBHB salt. Reducing Ca3HB to
5 g/d showed a fast response and stabilization of blood parameters (calcium level
1.23 mmol/L; pH 7.36).

The patient developed increased diuresis and loose stools during the 2 mo of
treatment with Caf3HB, which led to discontinuation of the treatment, soon after
which the gastrointestinal side effects were gone. The additional intake of CaBHB
did not present any positive clinical effect such as an improvement of muscle per-
formance or increased general health condition.

Nutrition and dietary supplements

The child is fed using a percutaneous endoscopic gastrostomy (PEG) tube and
orally. In earlier years, food ingestion took place via a percutaneous endoscopic
jejunal tube (PE]) or jejunal tube through-percutaneous endoscopic gastrostomy
(JET-PEG). Tube feeding is based on a special formula diet that excludes fat and
limits critical amino acids (leucine, isoleucine, valine, and lysine). In the first 3 y,
safflower and walnut oils provided essential fatty acids. Later, safflower oil and a
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reference range

fatty acid (%)

palmitoleic acid M 0.30 - 1.60

oleic acid 11.30 - 16.60
R/*_W
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DHA W 1.68 - 6.60

Fig. 3. Analysis of fatty acids in plasma phosphoglycerides with the respective reference range in a patient with severe MADD. The reference areas are shaded in gray. DHA,

docosahexaenoic acid; MADD, multiple acyl-coenzyme A dehydrogenase deficiency.

carbohydrate-based docosahexaenoic acid (DHA) powder were used (Tables 1
and 2). There is a clear difference between the essential fatty acids (EFAs) in
native safflower and walnut oil. Safflower oil contains more linoleic and oleic
acids, whereas walnut oil provides a higher amount of a-linoleic acid (ALA).

The amount of safflower oil and walnut oil administered was based on EFA con-
centrations determined in plasma phospholipids. At the start of the nutritional ther-
apy, especially linoleic acid was strongly decreased (<5 % of total fatty acid content;
range: 10.30—21.80%) and mead acid increased (<4.89 %; range: 0.09—1.36 %). A
high amount of ALA with a low plasma linoleic acid content at the same time, led to
the withdrawal of the walnut oil in the dietetic therapy (Tables 1 and 2). At first, the
additional treatment with safflower oil showed no effect on the severe linoleic acid
deficiency and the accompanying increased mead acid. The initially unclear cause
for the stably low linoleic acid content in plasma was caused by the use of a high-
oleic safflower oil, which is poor in linoleic acid (high oleic). Directly after changing
to a native safflower oil with a high content in linoleic acid, there was an increase in
plasma linoleic acid (>10.30 %; maximum 13.1%) and a simultaneous decrease in
mead acid (<1.36 %; minimum 0.22%) detectable. The essential w-3 fatty acids (ALA
and docosahexaenoic acid) and the arachidonic acid were predominantly in the ref-
erence area (Fig. 3).

Nutritional fat and protein intake were strictly controlled in the first 7 y of life.
Native protein from food was started at 11 g and increased to 30 g/d in small steps
that were determined by body weight and blood parameters. A special amino acid
supplement devoid of the critical amino acids was also used. Fat from natural sour-
ces directly from oral food intake was limited to 1.5 g in the first 3 y of life and
increased to a maximum allowed intake of 8 g after 6 y. In year 8, the patient dis-
liked oral food intake and had a phase of tube feeding only. In the following years,
he was slowly trained back to normal ingestion of food in addition to the tube
feed. Caused by the higher fat intake, a partial use of normal tube feeding for chil-
dren with a balanced composition of fatty acids was possible, and the supplemen-
tation with safflower oil and an w-3 product was no longer necessary. The higher
intake of fat in the tube feeding is the cause for a limitation of fat in normal food
(4 g/d) in the later phase of therapy. Overall, the daily nutrition specification, espe-
cially fat intake, was liberated in later years. A moderate fat-reduced diet with 15%
fat in the daily energy (E%) supply was sufficient. Main energy source are still car-
bohydrates (75% daily energy; Table 2).
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Fig. 4. Boxplot of t-ornithine and i-citrulline measured in a patient with severe
MADD within a time period of 10 y (wmol/L; median, mean [x ], SD; n=22). MADD,
multiple acyl-coenzyme A dehydrogenase deficiency.

Contingent on blood parameters, amino acids were added to the diet when
required. The major deficit in essential amino acids was L-isoleucine (35.59 +
18.16 pwmol/L; median 28.50 wmol/L; reference range 50—100 wmol/L). To reach
the requirement of the amino acid isoleucine, 0.1 g was added to the tube feed
every day or every other day, depending on blood levels of isoleucine. Further, the
not proteinogenic amino acid L-citrulline was supplemented according to blood
parameters from year 2 on. In the first 5y, a dosage of 2 g/d was necessary for sta-
bilization of the blood parameter. In later years, with increased body weight, 6 g
L-citrulline was added to the tube feeding. The measured value often showed a def-
icit of t-citrulline (34.64 + 31.21 wmol/L; median 19.50 wmol/L; reference range
2— 30 wmol/L; Table 2 and Fig. 4). At the same time, a severe hyperornithinaemia
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Fig. 5. Hypothesis of the influence of MADD on urea cycle caused by a decreased acetyl-CoA availability. The lack of acetyl-CoA reduces NAG, which is an activator for the car-
bamoyl phosphate synthase. This functional impairment leads to an increase of ammonia and r-ornithine with a corresponding decrease of L-citrulline. MADD, multiple acyl-

coenzyme A dehydrogenase deficiency; NAG, N-acetyl-glutamate.

was present (55.69 + 213.51 wmol/L; median 563.50 pwmol/L; reference range
60-160 wmol/L; Fig. 4).

The concentrations of all other potentially critical amino acids in the blood
were within the normal range or moderately increased. In most cases, a sufficient
amino acid profile was reached using nutritional therapy. Glucose or maltodextrin
were added to the tube feeding when energy intake needed to be increased.

The acylcarnitine profiles nearly normalized with therapy, with only mild
increases in some acylcarnitines. Free carnitine was monitored to exclude a sec-
ondary deficiency. Supplementation with low-dose L-carnitin was needed several
times. Furthermore, supplementation with coenzyme Q10 was started in the sec-
ond year of life. The daily dose was 200 mg (2 x 100 mg).

Acylcarnitine and amino acid profiles established the foundation for the meta-
bolic adjustments in nutritional therapy. In 10 y of nutritional advice, periodical
adjustments of nutritional parameters were necessary. By default, changes in the
nutrition plan were made two or three times a year and the modifications
instructed on the telephone or in a personal counselling session (changes are
shown in Table 2).

The body weight development of the child was at the third percentile during
the first 5 y. With the start of the sixth year, the weight was continuously below
this level. No weight loss was recorded throughout the therapy. Height, like in the
body weight, was below peer average. In general, the weight-to-height develop-
ment of the child is uncritical.

Discussion

Therapy for severe MADD is a multidisciplinary challenge. Sev-
eral specialized medical fields and nutritionists must be involved
in the treatment. In other reports of severe MADD treated with
Na3HB as an external energy source, an increase in serum SHB up
to 0.343 mmol-L-0.360 mmol-L~" after an intake of 200 mgkg
bw-150 mg-kg ! bw is described. This comparatively high values
resulted from a single-dose feeding and not from continuous tube
feeding [4,11].

In this study, a maximum serum concentration of 0.350 mmol/L
BHB at a daily dose of ~2.5 g/kg in serum was observed only once,
in the first months of therapy. Throughout the rest of the treat-
ment, serum BHB was at 0.100 mmol/L or not detectable. A case
report from van Rijt et al. showed similar results in a female infant
with MADD. The serum BHB reached an average of 0.150 mmol/L
with a daily dose of 2.6 g/kg. In the initial phase from 0.45 to
1.4 g/kg daily, the BHB was largely <0.1 mmol/L [12]. The bolus

intake of ketone body salts is less physiological and does not allow
a well-balanced nutrition. Formation of feeding peaks in serum
BHB should be avoided. A relatively high intake of exogenous
ketone body salt is generally not sufficient to cover the energy defi-
cit in severe MADD. The main reason could be the importance of
fatty acids as an energy source for the heart, skeletal muscle, and
other organs [13,14]. The heart generates up to 95% of the neces-
sary energy from oxidative phosphorylation. During postnatal
development, fatty acid oxidization becomes the primary energy
source for generating adenosine triphosphate in the human heart
[15]. Breakdown of the FAO leads to an inadequate supply of
energy, which in turn makes a higher intake of alternative fuel,
such as ketone bodies, necessary. The low BHB values in serum
after ingestion of high doses of [BHB salt indicates that a high
amount of external BHB is needed if (3-oxidation of fatty acids is
impossible. For example, a 10-y-old boy with a preferred sedentary
lifestyle requires 1600 kcal/d. To cover 30% of this daily energy
requirement, the boy would need to ingest ~102 g D-BHB (which
is ~204 g D/L-BHB; 1 g BHB=4.71 kcal) [16,17]. The associated
extremely high intake of the racemic sodium (~250 g; ~45.6 g
sodium=1618 mmol) or calcium salt (~244 g; ~ 39.7 g cal-
cium =991 mmol) is not acceptable and health risks are possible.

None of the available case reports described adverse events in
direct relation to the NaBHB treatment [4,10-12]. The longest
period reported was 3 y with consistently good tolerability of sup-
plementation using BHB salt. Also, the treated child's renal func-
tion and electrolyte balance were inconspicuous [11].

Shifts in acid—base balance often occurred in the present case. A
possible reason is the high intake of sodium or calcium as in the
additional testing. One g of Naf3HB provides 182 mg of sodium,
which corresponds to 7.9 mval. A calcium BHB salt provides
163 mg/g calcium (8.1 mval). Daily treatment with 16 g of NagHB
leads to an intake of 2.9 g of sodium (126.9 mval). All acid—base
imbalances were marked by an alkalosis. The tendency to acidosis
was not detected during long-term treatment with lower doses.
The effect of exogenous ketone bodies on the acid—base balance
was described in animal models and humans in the 1980s [18—-20].
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In miniature pigs, an infusion of Naf3HB (D/L) led to an increase in
pH from 7.40 to 7.56 detecting an alkalizing effect of BHB sodium
salt [18]. A test of a sodium acetoacetate in healthy individuals
resulted in a rise in pH from 7.37 to 7.48 accompanied by an
increase in bicarbonate and sodium in plasma [19]. In obese indi-
viduals, a sodium acetoacetate infusion raised pH from 7.36 to 7.40
[20]. The testing of a commercially available ketone body salt mix-
ture of sodium and potassium [3HB showed an increase in pH after
a single intake in humans. In a parallel run test, a BHB ester com-
pound demonstrated a contrary effect and lowered the pH of the
blood. The mild alkalizing effect of the salt was attributed to 3HB~
as a conjugated base, assuming a full dissociation of the ketone salt
[21]. In this case, there were no appreciable concentrations of BHB
in serum, thus excluding BHB as a possible trigger for alkalosis dur-
ing treatment. High concentrations of cations and the resulting
shift in the electrolyte household are suspected to lead to a modifi-
cation of the acid—base balance. This was also suggested by the
opposing effect the ketone body ester had on blood pH as shown
by the comparative test in healthy adults [21]. Based on Stewart's
acid—base approach, an increase in strong ion difference (SID) can
induce a metabolic alkalosis. Specifically, a high cation load causes
a high SID and metabolic alkalosis [22,23]. In view of published
data and the present findings, the detected alkalosis is a ketone
body salt—specific side effect that is potentially independent of the
used counter ion. Our testing of a sodium and calcium [3HB salt
showed no difference in effect and high doses of both salts resulted
in a metabolic alkalosis of the patient. To manage the problem in
acute phases, a decrease of the SID is necessary. In the present case,
a carbonic anhydrase inhibitor was used for higher sodium elimi-
nation for compensation of the secondary alkalosis. A higher intake
of Na3HB to achieve higher BHB concentrations in serum was not
possible because of the salt limitation and possible alkalosis.

The late onset gastrointestinal symptoms triggered by the Ca3HB
hint at a negative adaptive effect or tolerability of CaBHB. In stan-
dard calcium supplements, acute gastrointestinal side effects like
constipation, abdominal pain, and severe diarrhea have been
described. Generally, the reported symptoms are mild in nature. It is
important to note that data acquisition for the adverse effects in
publications was often self-reporting [24,25]. There was no indica-
tion of a time-lagged negative effect when a high dose of calcium
supplement was taken. Although the formation of renal calculi is a
potential side effect of Ca3HB, the renal calculi in the present patient
were not caused by the therapy because they occurred before the
treatment with Ca3HB started. Renal stone formation was triggered
by the high sodium load during sodium BHB therapy and the reduc-
tion of solubility in the alkalotic urine. In addition, high intake of
sodium is associated with a higher calcium loss and a potential risk
for renal stones [26,27]. The additional alkalization of urine by the
sodium salt fostered the formation of calcium carbonate stones (cal-
cite) [28,29]. The combination of the higher calcium loss and the
urine alkalization are a probable reason for the formation of calcite
stones during therapy with NaBHB. Additionally, there are open dis-
cussions about an increased risk for cardiovascular events and a
decrease in magnesium absorption caused by a high calcium intake
[25,30,31]. Recommended dietary allowance of calcium in children
1 to 3 y of age is 700 mg; 1000 mg in ages 4 to 8 y; and 1300 mg in
ages 9 to 13 y [32]. Supplementation using 10 g of CaBHB
(~1630 mg Ca%"), without considering any other food intake, clearly
exceeds this recommendation. Adverse effects are therefore proba-
ble and should be monitored during therapy.

The severe linoleic acid deficiency and high value of mead acid
at the same time was an important factor in nutritional therapy.
The child showed no abnormalities typical for linoleic acid defi-
ciency on his skin. A secondary lack of arachidonic acid, caused by

the low linoleic acid, was not detected [33]. A correlation between
decreased linoleic acid simultaneous with increased mead acid is a
well-known fact. Mead acid, the only de novo synthesized polyun-
saturated fatty acid of the human organism, is a marker for defi-
ciency in EFAs like linoleic acid [34,35]. Supplementation with
safflower oil to reach a higher concentration of linoleic acid in
plasma failed initially. A closer look at the oil used ascertained that
the amount of linoleic acid in the oil was very low. Apart from
native safflower oils, there are high-oleic safflower oils available
on the market. The high-oleic oils contain <75 % of oleic acid and
only a small amount of linoleic acid (<15 %). An advantage of this
composition is higher stability against temperature and oxidation
[36,37]. These oils are not useful for supplementation of linoleic
acid and should be avoided. The later use of a native safflower oil
quickly eliminated the deficiency in linoleic acid.

A supplementation of coenzyme Q10 is still being discussed as
therapy for MADD. There is a possibility of a secondary Q10 defi-
ciency in MADD caused by ETFDH mutations, which lead to a
myopathy [38]. The secondary Q10 deficiency is generally associ-
ated with the riboflavin-responsive type of MADD but is not
detectable in all cases [39—41]. In the present case, supplementa-
tion with Q10 showed neither a notable effect on muscle perfor-
mance nor an improvement of myopathy. However, a secondary
deficiency in Q10 does not seem to be the main reason for muscle
weakness in patients. The Q10 supplementation period was free
from adverse effects. Plasma levels of the non-proteinogenic amino
acid -citrulline were determined in short intervals and supple-
mented accordingly. The preproduct of arginine synthesis is
L-citrulline a product of ornithine and carbamoyl-phosphate, an
intermediate product in the urea cycle that is important for nitro-
gen homeostasis [42,43]. The synthesis of carbamoyl-phosphate, a
product of ammonia and bicarbonate, requires N-acetyl-glutamate
(NAG) to activate the enzyme carbamoyl-synthase. A limitation of
NAG, made possible in MADD by reduced formation of acetyl-CoA,
leads to a reduction of i-citrulline and an increase in r-ornithine
and ammonia [43]. The possible mechanisms are displayed in a
flow chart in Figure 5. To avoid the cumulative effect of a deficit in
acetyl-CoA and the effect on the urea cycle, monitoring L-citrulline
and supplementation, in case of deficit, is necessary.

Nutritional therapy carried out by specially educated dietitians
is essential to the treatment. Acylcarnitines and amino acid profiles
are the foundation for nutritional adjustments in patients with
MADD. The routine adaptation of fat and amino acids or protein
intake to metabolic parameters is necessary during the child's
development. The supplementation of carnitine is especially useful
to avoid false acylcarnitine profiles with apparently normal find-
ings. The continuous adaptation avoids very stringent food recom-
mendations, making nutrition more compatible with everyday life.
Despite the patient's relatively good physiological development, it
was not possible to abstain from tube feeding.

It is important to note that this case study describes the effect of
two ketone body salts in a single patient with severe MADD. Addi-
tional reports on the long-term effect of exogenous ketone bodies
in healthy individuals and patients with metabolic diseases are
necessary to adequately assess the effect of supplementation and
therapy with 3HB.

Conclusion

Therapy with Na3HB is a lifesaving treatment in cases of severe
MADD, but it is not free from adverse effects. Side effects limit the
supplementation dose and prevent ketone body supplementation
that is high enough to compensate for the loss of [3-oxidation. Dur-
ing therapy, close care and monitoring is necessary to react quickly to
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unwanted metabolic changes. The routine check of electrolytes,
acid-base parameters, and urine composition is essential when using a
[BHB-salt supplement. The intake of a calcium 3HB salt had no addi-
tional positive clinical effect but generated adverse gastrointestinal
symptoms. Nutritional therapy plays an important role in achieving
satisfactory metabolic adjustments in MADD patients. New develop-
ments in ketone body therapy such as ketone body esters will be nec-
essary for a sufficient supply in MADD.

References

[1] Schiff M, Froissart R, Olsen RK], Acquaviva C, Vianey-Saban C. Electron transfer
flavoprotein deficiency: functional and molecular aspects. Mol Genet Metab
2006;88:153-8.

[2] Przyrembel H, Wendel U, Becker K, Bremer H]J, Bruinvis L, Ketting D, et al. Glu-
taric aciduria type II: report on a previously undescribed metabolic disorder.
Clinica Chimica Acta 1976;66:227-39.

[3] Frerman FE, Goodman SI. Deficiency of electron transfer flavoprotein or elec-
tron transfer flavoprotein:ubiquinone oxidoreductase in glutaric acidemia
type II fibroblasts. Proc Natl Acad Sci U S A 1985;82:4517-20.

[4] van Hove JLK, Griinewald S, Jaeken ], Demaerel P, Declercq PE, Bourdoux P,
et al. D,L-3-hydroxybutyrate treatment of multiple acyl-CoA dehydrogenase
deficiency (MADD). Lancet 2003;361:1433-5.

[5] al-Essa MA, Rashed MS, Bakheet SM, Patay ZJ, Ozand PT. Glutaric aciduria type
1I: observations in seven patients with neonatal- and late-onset disease. ] Peri-
natol 2000;20:120-8.

[6] Uziel G, Garavaglia B, Ciceri E, Moroni I, Rimoldi M. Riboflavin-responsive glu-
taric aciduria type II presenting as a leukodystrophy. Pediatr Neurol
1995;13:333-5.

[7] Frerman FE, Goodman SI. Defects of electron transfer flavoprotein and electron
transfer flavoprotein-ubiquinone oxidoreductase: glutaric acidemia type II. In:
Scriver CR, Childs B, Kinzler KW, Vogelstein B, eds. The metabolic & molecular
bases of inherited disease, 8th ed., New York, NY, London: McGraw-Hill; 2004.

[8] Grunert SC. Clinical and genetical heterogeneity of late-onset multiple acyl-
coenzyme A dehydrogenase deficiency. Orphanet ] Rare Dis 2014;9:117.

[9] Goodman SI, Frerman FE. Glutaric acidaemia type II (multiple acyl-CoA dehy-
drogenation deficiency). ] Inher Metab Dis 1984;7:33-7.

[10] Bonham JR, Tanner MS, Pollit R], Olpin SE, Downing M, Robertson L, et al. Oral
sodium-3-hydroxybutyrate, a novel adjunct to treatment for multiple acyl-
CoA dehydrogenase deficiency. ] Inherit Metab Dis 1999;22:101.

[11] Gautschi M, Weisstanner C, Slotboom J, Nava E, Zurcher T, Nuoffer J. Highly
efficient ketone body treatment in multiple acyl-CoA dehydrogenase defi-
ciency-related leukodystrophy. Pediatr Res 2015;77:91-8.

[12] van Rijt W], Heiner-Fokkema MR, du Marchie Sarvaas Gideon], Waterham HR,
Blokpoel RGT, et al. Favorable outcome after physiologic dose of sodium-D,
L-3-hydroxybutyrate in severe MADD. Pediatrics 2014;134:e1224-8.

[13] Girard J, Duée PH, Ferré P, Pégorier JP, Escriva F, Decaux JF. Fatty acid oxidation
and ketogenesis during development. Reprod Nutr Dev 1985;25:303-19.

[14] Neely JR, Rovetto MJ, Oram JF. Myocardial utilization of carbohydrate and lip-
ids. Prog Cardiovasc Dis 1972;15:289-329.

[15] Ritterhoff ], Tian R. Metabolism in cardiomyopathy: every substrate matters.
Cardiovasc Res 2017;113:411-21.

[16] Veech RL. The therapeutic implications of ketone bodies: the effects of ketone
bodies in pathological conditions: ketosis, ketogenic diet, redox states, insulin
resistance, and mitochondrial metabolism. Prostaglandins Leukot Essent Fatty
Acids 2004;70:309-19.

[17] U.S. Department of Health and Human Services and U.S. Department of
Agriculture, Dietary Guidelines for Americans 2015-2020. 8th ed. Avail-
able at: https://health.gov/dietaryguidelines/2015/. Accessed November
13,2018.

[18] Miiller MJ, Paschen U, Seitz HJ. Effect of ketone bodies on glucose production
and utilization in the miniature pig. J Clin Invest 1984;74:249-61.

[19] Féry F, Balasse EO. Effect of exercise on the disposal of infused ketone bodies in
humans. J Clin Endocrinol Metab 1988;67:245-50.

[20] Balasse EO. Kinetics of ketone body metabolism in fasting humans. Metab Clin
Exp 1979;28:41-50.

[21] Stubbs BJ, Cox PJ, Evans RD, Santer P, Miller JJ, Faull OK, et al. On the metabo-
lism of exogenous ketones in humans. Front Physiol 2017;8:137.

[22] Stewart PA. Modern quantitative acid-base chemistry. Can ] Physiol Pharmacol
1983;61:1444-61.

[23] Corey HE. Stewart and beyond: new models of acid-base balance. Kidney Int
2003;64:777-87.

[24] Lewis JR, Zhu K, Prince RL. Adverse events from calcium supplementation: Relation-
ship to errors in myocardial infarction self—reporting in randomized controlled tri-
als of calcium supplementation. ] Bone Miner Res 2012;27:719-22.

[25] Reid IR, Bristow SM, Bolland M]. Calcium supplements: Benefits and risks.
J Intern Med 2015;278:354-68.

[26] Cirillo M, Laurenzi M, Panarelli W, Stamler ]. Urinary sodium to potassium
ratio and urinary stone disease. Kidney Int 1994;46:1133-9.

[27] Cappuccio FP, Kalaitzidis R, Duneclift S, Eastwood ]B. Unravelling the links
between calcium excretion, salt intake, hypertension, kidney stones and bone
metabolism. ] Nephrol 2000;13:169-77.

[28] Gault MH, Chafe L, Longerich L, Mason RA. Calcium and calcium magnesium car-
bonate specimens submitted as urinary tract stones. ] Urol 1993;149:244-9.

[29] Christiansen FE, Andreassen KH, Sloth Osther PJ. Recurrent pure calcite uro-
lithiasis confirmed by endoscopic removal and infrared spectroscopy in a mal-
nourished anorectic female. ] Endourol Case Rep 2016;2:62-4.

[30] Bohn T. Dietary factors influencing magnesium absorption in humans. CNF
2008;4:53-72.

[31] Schuchardt JP, Hahn A. Intestinal absorption and factors influencing bioavail-
ability of magnesium—an update. Curr Nutr Food Sci 2017;13:260-78.

[32] Ross AC, Taylor CL, Yaktine AL, Del Valle HB. Dietary reference intakes for cal-
cium and vitamin D. Washington DC: National Academies Press; 2011.

[33] Whelan J, Fritsche K. Linoleic acid. Adv Nutr 2013;4:311-2.

[34] Siguel EN, Chee KM, Gong JX, Schaefer EJ. Criteria for essential fatty acid defi-
ciency in plasma as assessed by capillary column gas-liquid chromatography.
Clin Chem 1987;33:1869-73.

[35] Holman RT, Smythe L, Johnson S. Effect of sex and age on fatty acid composi-
tion of human serum lipids. Am J Clin Nutr 1979;32:2390-9.

[36] Fuller G, Diamond M], Applewhite TH. High-oleic safflower oil. Stability and
chemical modification. ] Am Oil Chem Soc 1967;44:264-6.

[37] Purdy RH. Oxidative stability of high oleic sunflower and safflower oils. ] Am
0il Chem Soc 1985;62:523-5.

[38] Gempel K, Topaloglu H, Talim B, Schneiderat P, Schoser BGH, Hans VH, et al.
The myopathic form of coenzyme Q10 deficiency is caused by mutations in
the electron-transferring-flavoprotein dehydrogenase (ETFDH) gene. Brain
2007;130:2037-44.

[39] Wen B, Li D, Shan J, Liu S, Li W, Zhao Y, et al. Increased muscle coenzyme Q10
in riboflavin responsive MADD with ETFDH gene mutations due to secondary
mitochondrial proliferation. Mol Genet Metab 2013;109:154-60.

[40] Cornelius N, Corydon TJ, Gregersen N, Olsen RK]. Cellular consequences of oxi-
dative stress in riboflavin responsive multiple acyl-CoA dehydrogenation defi-
ciency patient fibroblasts. Hum Mol Genet 2014;23:4285-301.

[41] Liang W, Ohkuma A, Hayashi YK, Lopez LC, Hirano M, Nonaka I, et al. ETFDH
mutations, CoQ10 levels, and respiratory chain activities in patients with ribo-
flavin-responsive multiple acyl-CoA dehydrogenase deficiency. Neuromuscul
Disord 2009;19:212-6.

[42] Papadia C, Osowska S, Cynober L, Forbes A. Citrulline in health and disease.
Review on human studies [Epub ahead of print]. Clin Nutr 2018;37(6):1823-8
https://www.clinicalnutritionjournal.com/article/S0261-5614(17)31369-9/
fulltext.

[43] Breuillard C, Cynober L, Moinard C. Citrulline and nitrogen homeostasis: an
overview. Amino Acids 2015;47:685-91.


http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0016
https://health.gov/dietaryguidelines/2015/
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0040
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0040
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0040
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0040
https://www.clinicalnutritionjournal.com/article/S0261-5614(17)31369-9/fulltext/
https://www.clinicalnutritionjournal.com/article/S0261-5614(17)31369-9/fulltext/
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0042
http://refhub.elsevier.com/S0899-9007(18)30538-0/sbref0042

	Long-term ketone body therapy of severe multiple acyl-CoA dehydrogenase deficiency: A case report
	Introduction
	Methods
	Case presentation
	Patient history and medical observations
	Ketone body therapy
	Nutrition and dietary supplements


	Discussion
	Conclusion
	References


