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Maple Syrup Urine Disease (MSUD)

• IEM of BCAA metabolism

• Prevalence ~ 1:200,000 (1:400 in 
Mennonite)*

• Elevated BCAA, BCKA, allo-isoleucine

• Clinical features are very variable –
“classical” vs.“intermittent” vs. 
άintermediate”

*Chuang 2001;  Puffenberger 2003



Long-term leucine levels and outcome

• Kalpan ( J Peds1991) –age of diagnosis and plasma 

leucine  levels had effects on IQ (logistic regression 

analysis)

• Hilliges (Eur J Peds 1993) –leucine levels over first three 

years predictor of IQ (correlation analysis)

• Hoffman (Ped Res 2006) –lowest leucine  ‘cluster’ had 

the best IQ  (hierarchical clustering analysis)

• Muelly (JCI 2013) –Neurochemistry, IQ , behavioral 

features were affected by long-term leucine levels 

(correlation and imaging)



Effect of phenylacetate/benzoate in CONTROLS

Management of Urea Cycle Disorders:

Effects of PAB on BCAA

Subjects

(N=5)

Amino Acid Concentrations

mmol/L

Leucine Valine Isoleucine Glutamine

Before 

Treatment
106±6 171±33 51±12 495±33

After 

Treatment
40±5 126±33 34±14 438±34

Treatment 

Effect
P<0.0001 P<0.001 P<0.001 P<0.05

Scaglia et. al Mol. Genet. Metab. 2004



In UCDs, PB use is associated                                        

with lower plasma BCAA?

Isoleucine

p=6.45x10-7

Valine

p=2.78x10-6

Leucine

p=6.19x10-9

NaPB

No NaPB

Burrage LC, Jain M …Lee B, Nagamani SC 2014



Can PB be of use in MSUD?

3 catalytically null subjects with E1A mutations
Nicola Brunetti-Pierri….Lee B  2011
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Can PB be of use in MSUD?
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BCAA metabolism 

Leucine Isoleucine Valine

Branched-chain amino transferase

a-KG Glu

KIC KMV KIV

2 E1-a

2 E1-b
24 E2

E3

E3
BCKDCBDK BDP

Branched-chain acyl-CoAs



BCKDC kinase (BDK)

BCKD phosphatase (BDP)

(Active ) (Inactive )BCKDC BCKDC

Agent(s) to decrease plasma leucine 

Pi

Leucine



Control of BCKDC Activity
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Treatment of Partial MSUD
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Effect of phenylbutyrate on 

BCKD enzyme complex (mice)



Lipoyl group

PB

ADP

Subunit I Subunit II

ADP

PB
Lipoyl group

α4

α5

α1 α8

Allosteric mechanism of BDK inactivation by PB

David Chuang JBC 2013



Conclusions

• Phenylbutyrate decreases branched chain 

amino acids and branch chain ketoacids in 

UCD and ALL control subjects

• Phenylbutyrate decreases branch chain 

amino acids and branch chain ketoacids in 

SOME (3/5) MSUD patients

• Phenylbutyrate changes the balance of 

active vs. inactive BCKD complex by 

inhibiting BDK



Questions

• Can Phenylbutyrate be used to treat 

all or some patients with MSUD?

• Can Phenylbutyrate relax dietary 

restriction or prevent/treat metabolic 

decompensations?

• How can we predict which MSUD 

patients will respond to therapy?



Clinically relevant questions

• Would this hold true in a larger 
population of patients?

• Who would respond to treatment?

• Can we develop in vitro studies that 
predict clinical response?

• Can genotype help patient selection?



Phase I/II RCT of PB therapy in MSUD

• Randomized, active-controlled, double-
blind, crossover study 

• Baylor College of Medicine and Texas 
Children’s Hospital, Houston, TX

• ClinicalTrials.gov Identifier: 
NCT01529060



Primary endpoint:  24-hour AUC for BCAA 

Secondary outcomes :  BCKA 24-hour AUC, BCAA values above upper 

limit of normal, Cmax for leucine

NaPB and MSUD:

Clinical Trial  



Trial enrollees
• 20 subjects completed the study (61 visits, 21 outpatient and 

40 inpatient) 

• 9 male, 11 female, median age 23 years (range 13-45)

• Mutations

E1A –11; E1B –3; E2 –3; ND –2; NA –1

• Supplements

13 on both isoand val, 3 on isoOR val, 4 NOT on either  

• Leucine levels on enrollment

Median 281 (IQT 200-526) (ULN 164 umol/L)

5 had ‘normal’ leucine 

• Randomization

10 received drug in arm 1 and 10 received placebo in arm1 



Dietary intake during the two arms

Arm 1 diet
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Leucine levels better on drug (>30% difference; n=4)
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Leucine levels better with placebo (>30% difference; n=9)
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Leucine levels better with placebo (>30% difference N=9)
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Leucine levels better with placebo (>30% difference N=9)
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Leucine levels not different between NaPB and 
placebo (< 30% difference N=7)
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Leucine levels not different between NaPB and 
placebo (< 30% difference N=7)
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Leucine AUC on NaPB vs. Placebo

PB Placebo

P=0.018 

Paired T-test, P=0.03, Wilcoxon signed rank

ON PB
Mean LeuAUC 30% higher
Median Leucine 50% higher



Leucine Cmax PB vs. Placebo
u
m

o
l/L

P=0.025

PB Placebo

On both paired T-test and  Wilcoxon signed rank

ON PB
MeanLeuCmax was 22% higher
Median LeuCmax 43% higher

Number of values > ULN
Not different between
PB and Placebo



Isoleucine and valine AUC NaPB vs. placebo

PB Placebo PB Placebo

P=0.28 
P=0.86 

Wilcoxon signed rank



Safety specifics of the study

• A total of 102 adverse events were observed 
in 560 patient-days 

• All symptoms and abnormal laboratory values 
were recorded

• 101 AEs were graded as mild

• 69 subjects with AE “recovered” from the 
same, 13 did not “recover”

• NO SAE



Possibilities for such a result

1) The levels were erroneously entered

– Independently verified

2) The investigational pharmacy had a mix-up

– Excluded by drug metabolite analysis

3) Order of the treatment assignment made a 
difference (weakness of cross over design)

VIn those who received placebo first, NO significant  
difference in Leucine AUC values (p=0.3)

VIn those who received drug first, p< 0.05 for 
difference in Leucine AUC values (p=0.025)



KIC levels better on PB 
(>30% difference; n=4)
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KIC levels lower with placebo (>30% 
difference, n=8)
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KIC levels lower with placebo 
(>30% difference, n=8)
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KIC levels not different between NaPB and 
placebo (< 30% difference, n=7)
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KIC levels not different between NaPB and 
placebo (< 30% difference, n=7)
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• Strong biochemical and population data in 
UCD to support leucine and KIC lowering 
effect of PB

• Uncontrolled, open label study shows 
response in 3/5 subjects correlating with 
biochemical phosphorylation of E1a

• Phase II randomized placebo controlled trial 
could not confirm the effect
• Potential sequence of treatment effect (Can PB 

effect persist after dosing?)

• Potential effects of isoleucine and valine 
supplementation

• Inform future clinical trial design to answer 
clinical question
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