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ORIGINAL ARTICLE

Phase 2 study of sodium phenylbutyrate in ALS
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Abstract
The objective of the study was to establish the safety and pharmacodynamics of escalating dosages of sodium phenylbutyrate
(NaPB) in participants with ALS. Transcription dysregulation may play a role in the pathogenesis of ALS. Sodium
phenylbutyrate, a histone deacetylase inhibitor, improves transcription and post-transcriptional pathways, promoting cell
survival in a mouse model of motor neuron disease. Forty research participants at eight sites enrolled in an open-label study.
Study medication was increased from 9 to 21 g/day. The primary outcome measure was tolerability. Secondary outcome
measures included adverse events, blood histone acetylation levels, and NaPB blood levels at each dosage. Twenty-six
participants completed the 20-week treatment phase. NaPB was safe and tolerable. No study deaths or clinically relevant
laboratory changes occurred with NaPB treatment. Histone acetylation was decreased by approximately 50% in blood
buffy-coat specimens at screening and was significantly increased after NaPB administration. Blood levels of NaPB and the
primary metabolite, phenylacetate, increased with dosage. While the majority of subjects tolerated higher dosages of NaPB,
the lowest dose (9 g/day), was therapeutically efficient in improving histone acetylation levels.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal,

degenerative disorder of motor neurons that results

in progressive wasting and paralysis of voluntary

muscles (1). Riluzole is the only Food and Drug

Administration approved treatment for ALS and

prolongs survival by approximately 10% (2). While

the causative pathway of ALS is unknown, studies

suggest that transcriptional dysfunction may play a

role in the pathogenesis of ALS (3�8). Changes in

the molecular signature of gene expression in animal

models and people with ALS have been demon-

strated in microarray studies (6,7,9). Transcription

is regulated by complex interactions between many

proteins, among them transcription factors and

histones that affect the actions of RNA polymerase

II on individual genes. Many of these interactions, in

turn, are regulated by covalent modifications, such

as acetylation, methylation and phosphorylation.

Recruitment of histone deacetylases (HDACs) to

DNA alters nucleosome structure locally and in-

hibits transcription. Transcription dysregulation per-

turbs cellular function and compromises protective

mechanisms, leading to neuronal death.

A potential strategy in the treatment of ALS,

therefore, is to modulate the aberrant transcription

that may lead to motor neuron cell death using HDAC

inhibition. HDAC inhibitors increase acetylation of

histones, thereby promoting transcriptional activa-

tion. Sodium phenylbutyrate (NaPB) is an HDAC

inhibitor currently used to treat hyperammonemia
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due to urea cycle disorders. Sodium phenylbutyrate is

also under development as an anti-cancer agent

because of its activity as an HDAC inhibitor causing

tumor differentiation, growth arrest and apoptosis.

Sodium butyrate reduces the clinical phenotype and

neuronal degeneration in a number of mouse models

that include multiple sclerosis (10), polyglutamine

disorders (4,11), spinal muscular atrophy (SMA) and

ALS (12). Sodium phenylbutyrate increases the

expression of full-length survival motor neuron

(SMN) protein as shown in SMA. Low SMN protein

levels have been implicated in the pathogenesis of

ALS. In the mutant superoxide dismutase G93A

transgenic mouse model of motor neuron disease,

NaPB ameliorated histone hypoacetylation, improved

both transcriptional and post-transcriptional path-

ways, reduced levels of key components of the

intrinsic apoptotic pathway, reduced SOD1-positive

aggregates, and dosage-dependently prolonged survi-

val by up to 22% (12). Since NaPB has not previously

been tested in ALS, we designed a study to determine

dosage, safety, and tolerability in this population.

Methods

Study design

An open-label dose escalation study was conducted

at 10 clinical sites, eight Veteran’s Administration

(VA) centers and two non-VA hospitals under an

investigator new drug application (IND #70,067).

All sites had institutional regulatory board (IRB)

approval and all research participants provided

informed consent in accordance with the Helsinki

Declaration of 1975, as revised in 1983. The

duration of participation was 24 weeks. For each

participant, the dosage increased over 12 weeks to a

maximum anticipated dosage of 21 g/day or the

maximum tolerated dosage. Participants were main-

tained on that dosage until week 20 (Figure 1). The

primary outcome measure was tolerability. Second-

ary outcome measures were safety, NaPB and

metabolite blood levels, riluzole levels, and histone

acetylation activity levels. Data were entered into a

web-based electronic data capture system. On-site

monitoring occurred twice at each site with 100%

reconciliation of source to electronic data.

Study medication

NaPB was purchased from Scandinavian Formulas,

Inc.TM, (Sellersville, PA) and dispensed as 1-g

enteric-coated tablets. Research participants took

three tablets t.i.d. from the baseline visit to week 2

(9 g/day), four tablets t.i.d. from week 2 to week 4

(12 g/day), five tablets t.i.d. from week 4 to week

8 (15 g/day), and six tablets t.i.d. week 8 through

week 12 (18 g/day). At 12 weeks, the subject took

seven tablets t.i.d. (21 g/day) through week 20, the

last day of the treatment phase of the trial (Figure 1).

If participants could not escalate dosage because of

adverse events, they were maintained on their

maximum tolerated dosage.

Participant selection criteria

Participation eligibility at the VA sites required

Veteran status. Subjects had ALS diagnosed as

possible, laboratory supported probable, probable,

or definite according to the World Federation of

Neurology El Escorial criteria (13). Inclusion cri-

teria included ability to provide informed consent

and comply with study procedures, vital capacity

(VC) greater than 60% predicted value for sex,

height, and age; ability to swallow tablets at screen-

ing visit and no medical conditions that could be

exacerbated by sodium administration. Participants

were allowed to take riluzole, if on a stable dose at

least 30 days prior to the screening visit. Women of

childbearing potential could be included if using

adequate birth control and a screening pregnancy

test was negative. Exclusion criteria included ex-

posure to NaPB or known HDAC inhibitors within

three months prior to the screening visit, exposure to
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Figure 1. Dosage escalation paradigm. The dosage was increased from 9 g/day to 21 g/day over 12 weeks.
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any investigational drug within 30 days of the

screening visit, dependence on a mechanical venti-

lator (invasive and/or noninvasive) for all or part of

the day, history of acute hyperammonemia, or

significant cardiac conduction abnormality identi-

fied on screening EKG.

Training and study monitoring

Each site investigator and research coordinator was

trained and certified on study procedures. Site

evaluators were trained in the administration of

VC, isometric strength of 18 muscle groups in the

limbs using Microfet IITM hand held dynamometer

(HHD) (Hoggan Health Industries, West Jordan,

UT), grip strength using JAMARTM grip dynam-

ometer (Sammons Preston Roylan, Bolingbrook,

IL), and the ALS functional rating scale-revised

(ALSFRS-R). The ALSFRS-R is the summed score

of 12 functional and respiratory items rated on a

scale of 0 to 4 (14). Pre-study reliability testing

yielded an average intra-rater percent difference for

all muscles tested with HHD between raters across

subjects of 7.6%92.7. The average percent differ-

ence between the three VC trials across subjects

tested was 4%.

Study procedures

Participants were assessed for eligibility at the

screening visit. Accrued participants returned for

the baseline visit (week 0) within 21 days of the

screening visit. The following measures were ob-

tained at the baseline visit: vital signs, weight, VC,

isometric strength testing using HHD, grip strength,

and ALSFRS-R. After baseline measures were

obtained, each participant received one dose (3 g)

of study medication and was monitored for unto-

ward effects for 2�3 h. Participants took 3 g t.i.d. the

following day. All research participants returned for

in-person visits at weeks 2, 4, 8, 12, 16, and 20. A

telephone call to each participant was conducted at

weeks 6, 10, 14, and 18 to assess adverse events.

Study medication was discontinued at week 20 and a

post-treatment phone call occurred four weeks after

last dose to address adverse events.

At each visit, vitals signs, weight, EKG, a review

of adverse events and concomitant medications,

assessment of drug accountability and safety labora-

tory tests were completed. Adverse experiences to

the experimental intervention were assessed at each

in-person and telephone study visit by recording all

voluntary complaints of subjects and by assessment

of the clinical features of ALS. Attention was

directed to clinical adverse experiences associated

with prior NaPB studies, as well as any evidence of

unexpected worsening of the underlying ALS. Blood

was collected at each visit 1�2 h (approximate

Tmax) after study medication administration for

measurement of NaPB and metabolites, riluzole and

histone acetylation levels. The ALSFRS-R, strength

measures, and VC were completed at weeks 0, 4, 8,

12, and 20.

Sample collection for NaPB, phenylacetate, riluzole, and

histone acetylation

Blood was collected in one 10-ml sodium heparin

green top tube and one 5-ml red top tube (both

plastic). The 10-ml green top tube was inverted 8�10

times following collection and placed on crushed ice.

The sample was centrifuged at 8000�9000x g for 20

min within 1 h of collection. After spinning, the green

top tube was frozen upright on dry ice (�408C). The

5-ml red top vacutainer was immediately frozen

upright on dry ice and served as a backup sample.

Urine samples were collected in a 50-ml Falcon tube

and frozen immediately on dry ice (�408C). All

specimens were stored at �808C. The buffy coat

was extracted from each frozen green top tube,

aliquoted, then sub-aliquoted and analyzed for

histone acetylation levels within eight weeks of

sample collection.

Histone acetylation, NaPB, phenylacetate and riluzole

assays

To measure histone acetylation, lysates of the buffy

coat containing white blood cells from the frozen

sample were obtained by homogenizing each sample

in 500 ml of PBS buffer containing 0.4 M NAB, 5%

Triton X-100, 100 mM phenylmethylsulfonyl fluo-

ride (PMSF), 3 mM DTT, leupeptin aprotinin,

1 mM sodium orthovanadate, 5 mM sodium fluo-

ride, 3 mM PMSF, 3 mM DTT, 0.5 mg/ml leupep-

tin, and 10 mg/ml aprotinin. The sample was

centrifuged and supernatant containing the cytosolic

fraction was removed, 70 ml 0.2N HCl was added to

the remaining pellet, vortexed for 1 h at 48C,

centrifuged for 8 min at 3000 rmp at 48C, and

supernatant containing the nuclear fraction assayed

for protein and normalized at 0.5 mg/ml. Duplicate

samples were loaded onto a nitrocellulose transfer

membrane (0.2 mm) and subsequently immunor-

eacted for acetylated histone 3 (1:700, Upstate

Biotechnology, Lake Placid, NY) and beta-actin

(1:3000, Sigma-Aldrich, St. Louis, Mo). Histone

acetylation values were measured by Western blot

analysis (dot blot), using Image J (NIH) comparing

ratios of H3 to beta-actin. Levels of NaPB, pheny-

lacetate and riluzole were determined using liquid

chromatography.

Statistical analysis

Tolerability was defined as the ability to complete 20

weeks of treatment on study medication. Since some

participants did not complete the study due to
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personal reasons we estimated the proportion of

participants who tolerated each dosage using the

method of Kaplan-Meier, assuming that a partici-

pant who did not tolerate a dosage would not have

tolerated a higher dosage. In the analysis we con-

sidered all events that terminated the study whether

or not the investigator considered them drug related.

Non-toleration was defined as permanent drug

suspension due to an adverse event or not escalating

dosage due to adverse events.

Functional measures were included as a safety

measure and also for exploratory measures of disease

progression. Rates of change of these secondary

outcomes measures (VC, HHD, ALSFRS-R) were

analyzed using a placebo database that included 99

subjects from a recently completed North East ALS

Consortium (NEALS) trial, as a comparison group

(15). The rates of decline were compared using

mixed-effects models to adjust for repeated observa-

tions on the same individuals and to control for

selected baseline variables. Distributions of baseline

characteristics were compared using Fisher’s exact

tests and t-tests. The treatment effects on adverse

events and laboratory abnormalities were compared

to placebo cohort, using Fisher’s exact test and

Wilcoxon test.

The dosage effects on biomarkers, including

histone acetylation, NaPB, phenylacetate and rilu-

zole levels, were assessed using a mixed-effects

models with dosage modeled as an independent

variable, biomarkers as response variables, and

intercept and dosage as random effects. Paired t-

tests were used to assess treatment effects on

biomarkers at each dosage.

Results

Fifty-one research participants were screened and 40

were accrued (Figure 2). Baseline characteristics are

found in Table I. The average study medication

compliance for all subjects was 97% (SD�3.75).

No major study violations occurred.

Tolerability

Twenty-six participants completed the study as

planned and 14 stopped study medication early

(Figure 2, Table II). Weight at baseline visit and

demographic characteristics did not affect tolerability.

The estimate of the proportion of participants who

would tolerate a given dosage is shown in Table III.

There were 10 participants with adverse events that

directly resulted in study termination: three of these

events, heart block, subarachnoid hemorrhage and

joint pain, were considered by the site investigator

unrelated to treatment. The subject with a subarach-

noid hemorrhage was found to have an aneurysm. No

evidence of a bleeding disorder was found. In addi-

tion, there were six participants who did not escalate

dosage because of adverse events that did not result in

study termination. Four participants stopped the

study early for personal reasons, three in weeks 1�3
on 9 g/day (unable to travel, pursuing another study,

lack of benefit) and one at 16 weeks on 21 g/day

(illness of spouse). The last column of the table is the

proportion of participants who tolerated NaPB at

each dosage, estimated by Kaplan-Meier, assuming

that a subject who did not tolerate a dosage would not

tolerate a higher dosage.

         N = 51
       Screened

                   N = 40
           Volunteers Accrued

         N = 14
  Early Terminations

         N = 26
 Dosage at 20 week 
  Study Completion

  N = 4
 Personal
 Reasons

     N = 7
  Possibly 
Related AE's

     N = 3
  Unlikely
Related AE's

  N = 4
 15g/day

  N = 1
18g/day

  N=20
21g/day

  N = 1
 12g/day

Figure 2. Participant flow chart.
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Ten participants had dosage suspensions; study

medication was re-started in all within 10 days (range

3�10 days). Reasons for temporary suspensions

included nausea, vomiting, abdominal discomfort,

fatigue, tonsillitis, and influenza. Four participants

reduced study medication due to adverse events; the

dosage was re-challenged in one after three days.

Reasons for dosage reduction included edema, pal-

pitations, nausea, dizziness, and constipation.

Safety assessments

The most common adverse events included falls,

dizziness, diarrhea, edema, dry mouth, headache,

nausea, and rash (Table IV). With the exception of

headache, these adverse events occurred at a higher

rate compared to the comparison placebo cohort.

These events are expected side-effects from NaPB.

There were no clinically significant changes in

laboratory values, EKGs or vital signs. No deaths or

unexpected and related serious adverse events oc-

curred. Significant adverse events did not occur more

frequently with subjects who were taking riluzole in

addition to NaPB, compared to subjects taking NaPB

alone. The NaPB-treated cohort was sicker than the

comparison cohort as assessed by longer manifest

disease time, lower ALSFRS-R scores, and higher

bicarbonate levels. There were no differences in rate

of disease progression as measured by functional

outcomes (VC, grip, ALSFRS-R) compared to the

placebo cohort (Table V). The results were the same

after controlling the baseline covariates. The FVC

declined greater with NaPb (p�0.1). Whether this

reflects possible toxicity of NaPB on respiratory

function cannot be determined from this study.

Histone acetylation, NaPB, phenylacetate, and riluzole

levels

Histone acetylation was decreased at the screening

visit in all participants with ALS (mean�1.08 ng/ml,

SD�0.18), compared to a non-neurological control

cohort (mean�2.27 ng/ml and SD�0.28). While

histone acetylation levels increased with NaPB treat-

ment (0.7090.17; p B0.0001), levels did not reach

acetylation levels of normal age-matched control

patients (Figure 3). The largest increase in histone

acetylation occurred at 9 g/day two weeks after trial

start and did not increase further with dose escala-

tion. Riluzole blood levels were unchanged with

NaPB dosage (p�0.23). Riluzole blood levels did

not change after initiation of NaPB. Blood levels of

NaPB and phenylacetate at all dosages were different

from the screening value. Phenylbutyrate and phe-

nylacetate levels increased significantly with dosage

(p B0.0001) (Figure 4).

Discussion

Forty ALS patients participated in a dose escalation

trial using NaPB from 9 g/day to 21 g/day. Twenty-

six participants completed the 20-week study, 20 of

which completed at 21 g/day. NaPB was safe in the

participants with ALS. Tolerability for NaPB in

subjects with ALS was similar to that in subjects

with Huntington’s disease (16), solid tumor malig-

nancies (17), malignant gliomas (18), myelodysplas-

tic syndromes and acute myelogenous leukemia

(19), sickle cell anemia and beta thalassemias (20)

where the maximum tolerated dosages of NaPB were

between 15 and 30 g/day. There were no changes in

safety laboratory tests or vital signs. No related,

unexpected, serious adverse events occurred. The

most common side-effects were those previously

reported with NaPB, including gastrointestinal

events and edema (17,20�23). Because dosage

escalation occurred within subject, we cannot sepa-

Table I. Participant characteristics.

Age (years) 59.1910.1

Males (%) 34 (85)

Veterans (%) 30 (75)

Symptom onset to screening (years) 3.292.6

ALSFRS-R score 36.297.7

Vital capacity (%) 84.1918.1

Taking riluzole (%) 29 (73)

Bulbar onset (%) 7 (17.5)

Values are9standard deviation.

Table II. Early study medication terminations due to adverse events.

Subjects

Weeks on study

drug

Highest achieved NaPB

dosage Adverse event Relationship to study medication*

1 1 9 Edema foot, under eyes Possibly related

2 4 12 2nd degree heart block, Type II Unrelated

3 5 15 Rash arm, legs, & trunk, Eyelid swelling Possibly related

4 5 15 Increased arm weakness Possibly related

5 7 15 Acute anemia, Gastrointestinal bleed Possibly related

6 7 15 Headache (subarachnoid hemorrhage) Unrelated

7 8 15 Abdominal discomfort, chills and nausea Possibly related

8 12 15 Dizziness, shortness of breath Possibly related

9 12 18 Lower extremity edema Possibly related

10 14 18 Increased joint pain and stiffness Unrelated

* Site investigator decision.
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rate out adverse events secondary to dosage from

those due to prolonged drug exposure or disease

progression. We chose to dosage escalate within

subjects to have a larger number of research parti-

cipants at each dosage and because of the possibility

that tolerability would be improved with a slower

dosage escalation within subject.

Although participants enrolled in this study were

assessed using multiple measures of disease progres-

sion, the study duration, sample size and study

design (open label) were insufficient to detect an

efficacy signal. We chose to perform these assess-

ments primarily as part of the safety evaluation.

Previous studies (24�26) have shown that experi-

mental agents can significantly increase the rate of

disease progression, most likely because of adverse

events from too high dosages (24,26). As such, the

observation that rate of decline of the functional

measures assessed here was in the range noted in a

prior placebo cohort can be taken as evidence of

safety of NAPB at the dosages employed.

Treatment with NaPB did not alter blood

riluzole levels. Adverse events in participants taking

riluzole and NaPB together did not occur more

frequently, compared to those on NaPB alone. Since

riluzole is the only approved therapy for ALS, it is

important that clinical trials include data on the

effects of any new therapy on riluzole levels and the

safety of combination treatment.

NaPB displayed a dosage dependent increase in

NaPB and phenylacetate blood levels. We did not

define a limit of absorption at the tested dosages.

However, the increased intolerability at higher

dosages limits the utility of using higher dosages in

people with ALS. Phenylbutyrate and phenylacetate

have good CSF penetration based on non-human

primate studies (27).

Treatment with NaPB significantly improved

blood histone hypoacetylation two weeks after drug

administration began, occurring at the lowest dosage

of 9 g/day. Histone 3 acetylation levels did not

increase further with higher dosages. This is the first

study to report hypoacetylation in humans with

ALS in blood buffy coat samples and parallels the

findings observed in the G93A transgenic ALS

mouse (12). Documentation that NaPB increases

histone acetylation in ALS, although not to normal

age-matched control levels, is important pharmaco-

dynamic information and supports further clinical

development of NaPB in ALS. It is not clear why

acetylation levels were highest at 9 g/day. However, in

a study of NaPB in Huntington’s disease, the effects

of NaPB on mRNA expression levels of a 12-gene

biomarker set were greatest at lowest dosages (12 g)

with an inverse dose response. Biomarkers are

urgently needed for diagnosis, disease progression,

and for potential disease-modifying therapies that are

being developed and evaluated in clinical trials.

Hypoacetylation, as a potential biomarker of man-

ifest disease in ALS, may improve the power and

cost-effectiveness of drug trials in this population.

The optimal dosage of NaPB for further testing

in ALS is not yet known. Sodium phenylbutyrate

and phenylacetate levels increased with dosage

escalation and mirrored intolerability. In addition,

histone acetylation levels did not elevate higher than

Table III. Proportion of participants tolerating each dosage.

Dosage

Participants available

to start dosage

Participants

terminated due to

AE

Participants unable to

dosage escalate (completed study at

lower dosage)

Proportion who tolerated dosage

and each lower dosage

9 40 1 0 97.5

12 37 5 0 84.3

15 31 2 1 76.2

18 29 2 4 59.8

21 22 0 1 57.1

Table IV. Adverse events occurring in subjects taking NaPB compared to placebo cohort from celebrex study.

Adverse events

NaPB # of subjects: (% of subjects)

Total sample: 40

Celebrex # of subjects: (% of subjects)

Total sample: 99 p-value

Accidental injury 10 (25) 4 (4) 0.0002

Dizziness 9 (22.5) 2 (2) B.0001

Diarrhea 8 (20) 8 (8) 0.039

Peripheral edema 8 (20) 5 (5) 0.006

Dry mouth 7 (17.5) 1 (1) 0.0002

Headache 7 (17.5) 13 (13) 0.449

Nausea 7 (17.5) 4 (4) 0.008

Rash 7 (17.5) 2 (2) 0.0008

Asthenia 6 (15) 5 (5) 0.045

Anxiety 5 (12.5) 4 (4) 0.068

Myasthenia (muscle fatigue) 5 (12.5) 3 (12.5) 0.031

Abdominal pain 5 (12.5) 4 (4) 0.069
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those present at 9 g/day. As such, lower dosages are

preferable to improve tolerability and may be suffi-

cient to achieve the desired biological effect, in-

creased histone acetylation. It is also possible that

other HDAC inhibitors currently under develop-

ment may have better tolerability and also increase

histone acetylation to a greater degree.

We identified that 9 g/day of NaPB is well

tolerated, safe and has the desired biological effect

in blood. Subsequent steps in development of NaPB

as a therapeutic agent for ALS include studies to

assess preliminary efficacy and longer-term safety.

Acknowledgements

The study was supported by grants from the
Department of Veterans Affairs and the Muscular
Dystrophy Association. We thank the National VA
ALS Registry, the study participants and their
families, and the Safety Monitoring Committee
members, Carl Leventhal, Terry Heiman-Patterson,
and Michael McDermott.

Disclosure of interests: The authors have no

known conflicts to report.

References

1. Mulder D. Clinical limits of amyotrophic lateral sclerosis. In:

Rowland L, ed. Human motor neuron diseases. New York:

Raven Press, 1982. p. 15�22.

2. Bensimon G, Lacomblez L, Meininger V. A controlled trial of

riluzole in amyotrophic lateral sclerosis. ALS/Riluzole Study

Group. New England Journal of Medicine. 1994;330:585�91.

3. Hadano S, Hand C, Osuga H, Yanagisawa Y, Otomo A,

Devon RS, et al. A gene encoding a putative GTPase regu-

lator is mutated in familial amyotrophic lateral sclerosis 2.

Nat Genet. 2001;29:166�73.

4. Chang J, Hsieh-Li H, Jong Y, Wang N, Tsai C, Li H.

Treatment of spinal muscular atrophy by sodium butyrate.

Proc Natl Acad Sci USA. 2001;98:9808�13.

5. Gonzalez de Aguilar J, Gordon J, Rene F, Lutz-Bucher B,

Gaiddon C, Loeffler JP. Alteration of the Bcl-x/Bax ratio in a

transgenic mouse model of amyotrophic lateral sclerosis:

evidence for the implication of the p53 signaling pathway.

Neurobiology of Disease. 2000;7:406�15.

6. Malaspina A, Kaushik N, de Belleroche J. Differential

expression of 14 genes in amyotrophic lateral sclerosis spinal

cord detected using gridded cDNA arrays. Journal of

Neurochemistry. 2001;77:132�45.

7. Yoshihara T, Ishigaki S, Yamamoto M, Liang Y, Niwa J,

Takeuchi H, et al. Differential expression of inflammation

and apoptosis-related genes in spinal cords of a mutant SOD1

transgenic mouse model of familial amyotrophic lateral

sclerosis. J Neurochem. 2002;80:158�67.

8. Petricoln EF, Ardekani AM, Hitt BA, Levine PJ, Fusaro VA,

Steinberg SM, et al. Use of proteomic patterns in serum to

identify ovarian cancer. Lancet. 2002;359:572�7.

9. Dangond F, Hwang D, Camelo S, Pasinelli P, Frosch MP,

Stephanopoulos G, et al. Microarray analysis shows distinct

changes in the molecular signature of gene expression in both

ALS animal models and patients. Physiol Genomics.

2004;16:229�39.

Table V. Outcome measures: NaPB compared to placebo cohort from celebrex study.

Outcome measure NaPB cohort (change/month)

Difference in slope, compared to

celebrex placebo cohort p-value

ALSFRS-R �0.87590.168 0.13790.194 0.480

Vital capacity% predicted �2.63890.475 �0.88290.543 0.106

BMI �0.080690.0502 �0.025390.0577 0.662

Grip strength �0.080290.0227 0.019090.0262 0.469

Weight �0.24690.152 �0.094890.175 0.588

HHD �0.086390.0223 NA NA

Figure 3. Histone acetylation levels with NaPB dose.

Blood histone acetylation levels are shown compared with dose

taken prior to blood draw. The error bars represent standard error.

* notes values significantly different from pre-treatment value.

Figure 4. Phenylbutyrate and phenylacetate levels.

Blood phenylbutyrate and phenylacetate levels are shown com-

pared with dose taken prior to blood draw. The error bars

represent standard error. Levels at each dose are significantly

greater than pre-treatment values.

Phase 2 study of sodium phenylbutyrate in ALS 105



10. Dasgupta S, Zhou Y, Jana M, Banik NL, Pahan K. Sodium

phenylacetate inhibits adoptive transfer of experimental

allergic encephalomyelitis in SJL/J mice at multiple steps.

Journal of Immunology. 2003;170:3874�82.

11. Ferrante R, Kubilus J, Lee J, Ryu H, Beesen A, Zucker B,

et al. Histone deacetylase inhibition by sodium butyrate

chemotherapy ameliorates the neurodegenerative phenotype

in Huntington’s disease mice. J Neurosci. 2003;23:9418�27.

12. Ryu H, Smith K, Camelo SI, Carreras I, Lee J, Iglesias AH,

et al. Sodium phenylbutyrate prolongs survival and regulates

expression of anti-apoptotic genes in transgenic amyotrophic

lateral sclerosis mice. Journal of Neurochemistry.

2005;93:1087�98.

13. Brooks B. El Escorial World Federation of Neurology criteria

for the diagnosis of amyotrophic lateral sclerosis. Subcom-

mittee on Motor Neuron Diseases/Amyotrophic Lateral

Sclerosis of the World Federation of Neurology Research

Group on Neuromuscular Diseases and the El Escorial

‘Clinical limits of amyotrophic lateral sclerosis’. J Neurol

Sci. 1994;124:96�107.

14. Cedarbaum J, Stambler N, Malta E, Fuller C, Hilt D,

Thurmond B, et al. The ALSFRS-R: a revised ALS func-

tional rating scale that incorporated assessments of respira-

tory function. J Neurol Sci. 1999;169:13�21.

15. Cudkowicz M, Shefner J, Schoenfeld D, Zhang H, Andreas-

sen KI, Rothstein JD, et al. Trial of celecoxib in amyotrophic

lateral sclerosis. Annals of Neurology. 2006;60:22�31.

16. Hogarth P, Lovrecic L, Krainc D. Sodium phenylbutyrate in

Huntington’s disease: a dose-finding study. Movement

Disorders. 2007;22:1962�4.

17. Gilbert J, Baker S, Bowling M, Grochow L, Figg WD,

Zabelina Y, et al. A phase I dose escalation and bioavailability

study of oral sodium phenylbutyrate in patients with refrac-

tory solid tumor malignancies. Clin Cancer Res.

2001;7:2292�300.

18. Phuphanich S. Oral sodium phenylbutyrate in patients with

recurrent malignant gliomas: a dose escalation and pharma-

cologic study. Neuro-Oncology. 2005;7:177�82.

19. Carducci MA, Gilbert J, Bowling MK, Noe D, Eisenberger

MA, Sinibaldi V, et al. A phase I clinical and pharmacological

evaluation of sodium phenylbutyrate on an 120-h infusion

schedule. Clin Cancer Res. 2001;7:3047�55.

20. Savitsky K, Bar-Shira A, Gilad S, Rotman G, Ziv Y,

Vanagaite L, et al. A single ataxia telangiectasia gene with a

product similar to PI-3 kinase. Science. 1995;268:1749�53.

21. Batshaw M, MacArthur R, Tuchman M. Alternative pathway

therapy for urea cycle dis-orders: 20 years later. J Pediatr.

2001;138:S46�55.

22. Dover G, Brusilow S, Charache S. Induction of fetal

hemoglobin production in subjects with sickle cell anemia

by oral sodium phenylbutyrate. Blood. 1994;84:339�43.

23. Iversen L, Foster A, Hill R, Iversen SD, Kemp JA, Leesen

PD, et al. Neurotoxin-related research: from the laboratory to

the clinic. Ann New York Acad Sci. 1992;648:207�18.

24. Cudkowicz M, Shefner J, Schoenfeld D, Brown RH, Johnson

H, Qureshi M, et al. A randomized, placebo-controlled trial

of topiramate in amyotrophic lateral sclerosis. Neurology.

2003;61:456�64.

25. Gordon PH, Moore DH, Gelinas DF, Qualls C, Meister ME,

Mendoza M, et al. Placebo-controlled phase I/II studies of

minocycline in amyotrophic lateral sclerosis. Neurology.

2004;62:1845�7.

26. Gordon P, Moore D, Miller R, Florence JM, Verheijde JL,

Doorish C, et al. Efficacy of minocycline in patients with

amyotrophic lateral sclerosis: a phase III randomized trial.

Lancet Neurology. 2007;6:1045�53.

27. Berg S, Serabe B, Aleksic A, Bomgaars L, McGuffey L,

Dauser R, et al. Pharmacokinetics and cerebrospinal fluid

penetration of phenylacetate and phenylbutyrate in the non-

human primate. Cancer Chemother Pharmacol.

2001;47:385�90.

Appendix (co-authors):

1. Massachusetts General Hospital, Boston, MA

Kimberly Kruczek, Alex Sherman, Hong Yu, April

Opoliner

2. Johns Hopkins University, Baltimore, MD

Nicholas Maragakis, Lora Clawson, Richard

Kimball

3. Edith Nourse Rogers Memorial VA Hospital,

Bedford, MA

Karen Smith, William Hetherington, Patricia Loya

4. Durham VA Medical Center, Durham, NC

Yvonne Golightly

5. Michael E. DeBakey VA Medical Center, Hous-

ton, TX

Dennis Mosier, Najeeba Ali, Margaret Allred

6. Lexington VA Medical Center, Lexington, KY

Edward Kasarskis, Debra Taylor, Robert English

7. VA Medical Center, Syracuse, NY

Francine Vriesendorp, Linda Schad

8. Pittsburgh VA Healthcare System, Pittsburgh, PA

Sasha Zivkovic, Ann Van Cott, Vivian Brice

9. Cincinnati VA Healthcare System, Cincinnati,

OH

Laura Sams, Margaret Story

10. SUNY Upstate Medical University

James Taft

106 M. E. Cudkowicz et al.


