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Abstract
Introduction—An open-label trial suggested that valproic acid (VPA) improved strength in
adults with spinal muscular atrophy (SMA). We report a 12-month, double-blind, cross-over study
of VPA in ambulatory SMA adults.

Methods—There were 33 subjects, aged 20–55 years, included in this investigation. After
baseline assessment, subjects were randomized to receive VPA (10–20 mg/kg/day) or placebo. At
6 months, patients were switched to the other group. Assessments were performed at 3, 6, and 12
months. The primary outcome was the 6-month change in maximum voluntary isometric
contraction testing with pulmonary, electrophysiological, and functional secondary outcomes.

Results—Thirty subjects completed the study. VPA was well tolerated, and compliance was
good. There was no change in primary or secondary outcomes at 6 or 12 months.

Conclusions—VPA did not improve strength or function in SMA adults. The outcomes used are
feasible and reliable and can be employed in future trials in SMA adults.

Spinal muscular atrophy (SMA) is unique among human genetic disorders in that a genomic
duplication at the causative gene locus (the survival of motor neuron or SMN locus) has
resulted in a nearly identical gene, SMN2, which lies centromeric to the SMN1 gene.1–3 This
gene differs from SMN1 mainly by a single C-to-T nucleotide substitution at the splice
junction of exon 7. Although this mutation does not affect the amino acid sequence, it does
alter mRNA splicing in favor of transcripts lacking exon 7. Due to alternative splicing,
however, a small amount of full-length SMN transcript is produced by the SMN2 gene so
that SMN2 copy number is a major determinant of phenotype.4–11 Murine models of SMA
reflect the protective effect of SMN2 copy number on phenotypic severity,12 suggesting that
pharmacologic or genetic strategies to increase production of full-length transcript from
SMN2 might be an effective therapeutic strategy.1–3,13–16

Valproic acid (VPA) is a histone deacetylase (HDAC) inhibitor that increases SMN
expression in SMA patient-derived cell lines as well as in SMA patients.17–23 SMA mice
treated with VPA have improved gross motor function and survival compared with controls.
These positive effects are also reflected in larger compound muscle action potentials
(CMAPs) on electrophysiological studies and less degeneration of spinal motor neurons and
improved neuromuscular junction innervation.23 Four open-label trials of VPA in humans
with SMA all suggested a benefit in strength, motor function, or both.24–26 One study of 7
ambulatory adults in particular found a 49% improvement in baseline strength tested with
hand-held myometry after treatment with VPA for a mean of 8 months.24 These encouraging
results led the Project Cure SMA Group to perform a series of controlled clinical trials with
VPA in various SMA populations.27–29 We report here the results of a double-blind clinical
trial of a 6-month treatment course of VPA versus placebo in a cohort of ambulatory SMA
adults.

Kissel et al. Page 2

Muscle Nerve. Author manuscript; available in PMC 2014 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



METHODS
Trial Design

The study was a single-center, prospective, randomized, placebo controlled, doubleblind,
phase 3 cross-over trial of VPA in ambulatory, genetically confirmed SMA adults (>18
years of age) (Clinicaltrials.gov ID NCT00481013). The cross-over design was chosen
primarily to reduce the number of patients needed to address efficacy, because the
population of ambulatory adults with SMA is relatively small. Another major consideration
was that VPA was generally prescribed by subjects’ treating physicians independent of this
study, so recruitment would have been extremely difficult without a guarantee that all
patients would receive the drug at some time during the study. Wheelchair-mobile patients
were excluded. Patients were also excluded for the following reasons:

• Coexisting medical conditions that precluded travel, testing, or study medications.

• Participation in a treatment trial for SMA in the 3 months prior to this trial, or plan
to enroll in any other treatment trial during this study.

• Requirement for any mechanical respiratory support >12 hours per day.

• Inability to meet visit requirements or cooperate reliably with functional testing.

• Mental or legal incapacitation from giving informed consent, or inability to read
and understand written material including in the consent form.

• Abnormalities in baseline blood testing beyond established values.

• Use of medications or supplements which interfere with VPA metabolism, or are
hypothesized to have a beneficial effect in SMA animal models or human
neuromuscular disorders within 3 months of study enrollment, including riluzole,
creatine, butyrate derivatives, growth hormone, anabolic steroids, albuterol,
anticonvulsants, or other HDAC inhibitors.

The study was approved by the institutional review board at the Ohio State University,
Wexner Medical Center, and written informed consent was obtained from all subjects.

Study Procedures
All subjects completed 2 baseline visits within a 6-week period to assure that the
methodologies were reliable and that subjects enrolled in the study exhibited test–retest
stability. After the second visit, subjects were randomized to receive either VPA or an
identical placebo. VPA and placebo were provided by Abbott Pharmaceuticals as 250-mg
divalproex sodium capsules (Depakote ER) and administered in divided doses 2 or 3 times
daily at a starting dose of 10–20 mg/kg orally to maintain trough levels of 50–100 mg/dl.
Study compliance was assessed through pill counts and VPA levels at each visit with dosing
adjusted for both VPA and placebo groups by an unblinded investigator (M.F.). After the 6-
month visit, subjects were switched to the other treatment group (i.e., VPA or placebo) in a
blinded fashion.

Treatment assessments were performed at 3 (V1), 6 (V2), and 12 (V3) months. Safety
laboratory studies were performed at baseline, 2–3 weeks after initiation, at each treatment
visit, and midway between V2 and V3. They included a basic chemistry profile, complete
blood and platelet count, transaminases, carnitine profile, amylase, lipase, and trough VPA
levels. A non-blinded medical monitor reviewed all subject blood tests and adverse events
and performed dosing adjustments or additional testing when necessary. Adverse events
were graded using Common Terminology Criteria for Adverse Events, version 3.0 (CTCAE
v3.0). An independent data and safety monitoring committee provided oversight for the
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study, performed interim safety data analyses, and had the ability to stop the study if there
was a safety concern.

Outcome Measures
The primary outcome measure was the 6-month change in strength as assessed by maximum
voluntary isometric contraction testing (MVICT). Muscles tested included bilateral elbow
flexors, elbow extensors, knee flexors, knee extensors, and grip. The results from the 4
upper and 4 lower extremity muscles were also combined into upper and lower extremity
composite group scores. Secondary outcomes included 6-month changes in:

1. Function measured using the modified SMA Functional Rating Scale (SMAFRS).11

2. Muscle strength measured by hand-held dynamometer of elbow flexors/extensors
and knee flexors/extensors.

3. Ulnar CMAP as a surrogate for assessing disease severity and capacity for
reinnervation.

4. Assays of SMN2 copy number, mRNA levels, and SMN protein levels.

5. Pulmonary function tests (PFTs), including forced vital capacity (FVC), forced
expiratory volume in 1 second (FEV1), and maximum inspiratory pressure (MIP).

6. Muscle mass as measured by dual-energy X-ray absorptiometry (DEXA) scanning.

7. Endurance assessed through 6-minute walk test.

8. Function assessed in time to climb 4 standard stairs.

9. Quality-of-life (QOL) assessment using the mini–Sickness Illness Profile.30

Details of testing methodologies and protocols are available at http://smaoutcomes.org and
in prior published trials.27–29 For statistical purposes, each component of the testing was
analyzed individually as discussed below.

Statistical Analysis
Two baseline visits were performed, and the visit closest to the start of treatment was used
as the baseline evaluation. Changes from baseline comparisons were assessed using t-tests to
compare groups. Mixed effects models were used to test the data out to 12 months; these
models included the data from the second 6 months of the study for both the primary and
secondary outcomes. Period and sequence were included as possible fixed effects with
patient as the random effect. Least-squares means, which are the average values after
accounting for factors in the model, are provided along with 95% confidence intervals.
Missing values were not imputed; all available data were used in the analyses.

The study was designed to recruit 36 patients with an anticipated 20% dropout rate to yield
at least 28 analyzable patients, a number sufficient to provide 90% power to detect a 9.0-N
change in MVICT. Because of a higher retention rate than anticipated we elected to curtail
recruitment after 33 patients were enrolled.

RESULTS
Study Population

Fifty-nine patients were screened to enroll 33 patients. There were 20 men and 13 women,
with a mean age of 37.2 ± 9.1 years (range 19.9–55.3 years) (Fig. 1). Sixteen patients were
initially randomized to VPA and 17 to placebo. Four patients had 5 copies of SMN2, 19
patients had 4 copies, 5 patients had 3 copies, 3 patients had 2 copies, and for 2 patients
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SMN2 copy number was not available. There was no significant difference between these
groups in any demographic or baseline assessment (Table 1). Four patients did not complete
the entire study—3 prior to reaching the primary endpoint and 1 after the crossover; the
latter patient missed only the final visit and was included in the data analysis because she
had passed the primary endpoint (at cross-over). Of the 3 patients who did not complete the
study, 2 did so because of adverse events/side effects and 1 did so after moving out of state
and being unable to attend his study visits.

Primary Outcome
Table 2 shows the initial 6-month change in MVICT for each muscle group in the placebo
and VPA groups. There were no statistically significant differences in the change in MVICT
for any muscle group at 6 months and essentially no change in baseline in either group.
Table 3 presents the least-squares means from the mixed effects models for each MVICT
summary endpoint for the entire 12 months of the study. There was no difference between
the treatment groups over 1 year.

Secondary Outcomes
There was no significant difference at either 6 or 12 months for any of the secondary clinical
or electrophysiological outcome measures by either the primary analysis or the least-squares
means analysis. Body composition analysis through DEXA testing showed that all body
parameters (bone density, lean body mass, fat mass) increased with VPA therapy, but there
were no significant differences from the changes noted in the placebo group. Unlike the
pediatric SMA population, in which adiposity and weight gain are problematic, especially
with VPA administration,27–29,31,32 weight gain was not a major complication in this study.
This may be due in part to the relatively low average VPA levels achieved in the study.

Outcomes by SMN2 Copy Number
The mean and standard deviation data for myometry, 6-minute walk, Functional Rating
Scale, and CMAP by SMN2 copy number are presented in the Supplementary Material
[Tables S1 (baseline) and S2 (6-month data)] available online. Only summary data are
presented, because the large variations and the fact that only the 4-SMN2 copy group had >5
subjects precluded a meaningful statistical analysis. The baseline data did not show a
consistent trend, but the numbers in each group were small. At 6 months, the values were all
highest in the subjects with 5 copies, but the changes are mixed, with some areas improving
and others declining.

Adverse Events
At least 1 adverse event (AE) occurred at some time during the study in 88% of subjects,
with a total of 96 AEs reported. Two AEs led to study withdrawal—1 patient developed
fatigue and 1 noted increased arm weakness, which the subject attributed to VPA. There
were 2 serious AEs (cardiac failure related to chronic aortic valve disease and an episode of
recreational drug overdose), neither related to VPA use. Headache (21%), fatigue (12%),
and nausea (12%) were the most common AEs.

VPA Trough Levels
Subject compliance was good, as determined by pill counts and patient history. The mean
overnight trough VPA level of 58.5 (±16.7) was within the targeted range (>50) and was
similar to that achieved in the CARNI-VAL II/III study. All subjects appeared to be taking
VPA during the appropriate phase of the study; that is, no levels were detected in patients
during the placebo phase of the study, providing strong evidence of compliance with the
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regimen. There were no differences in the VPA levels as a function of sequence, whether
patients were on VPA during the first or second 6 months of the study.

DISCUSSION
In this study, VPA given at standard doses did not result in improvement in any outcome
variable in an ambulatory adult cohort of SMA patients. Although the drug was well
tolerated in this population, and weight gain was not a major problem as in prior studies in
pediatric SMA cohorts, the robust improvement found in previous open-label studies was
not confirmed in this blinded, prospective study. In contrast to studies in younger patients,
there were no encouraging findings in the secondary outcome measures.

There are several possible reasons for these negative findings. The serum VPA levels
attained in this study were relatively low, although they were within our targeted range. It is
therefore possible that higher doses or more prolonged treatment may have had more of a
therapeutic effect. On the other hand, the levels achieved in this study were within the
general therapeutic range in terms of the biological effects shown for VPA use in other
FDA-approved indications, including migraine headaches, bipolar disorder, and seizures,
and the dosing employed was similar to that used in the previous open-label studies.
Alternatively, VPA may simply not be a sufficiently potent HDAC inhibitor to achieve the
desired increase in SMN2 transcription. Multiple other agents that increase SMN2 output
through HDAC inhibition or other mechanisms are currently in various stages of
development.

Another obvious issue relates to the timing of therapy in the adult population. Prior work has
also demonstrated that motor unit loss in SMA tends to occur relatively early in the clinical
course and is often followed by long periods of relative clinical and electrophysiological
stability. Multiple studies in murine SMA models have confirmed that early treatment is
necessary to prevent the devastating effects of SMN deficiency on motor neurons. In this
regard, treating adults with agents like VPA over such a relatively short time in light of the
longstanding nature of their disease and related secondary changes that accompany such a
prolonged disease course may be a flawed strategy, even though their increased number of
SMN2 genes would theoretically make them more responsive to a therapeutic strategy aimed
at increasing SMN2 expression.

A major aspect of this issue relates to the determination of SMN protein and transcript levels
in this cohort. These analyses are ongoing. The data will be particularly germane, as neither
the peripheral SMN protein nor transcript levels in prior VPA studies achieved the targeted
increase of 1.3–1.7-fold over baseline. This suggests that VPA did not have the expected
biochemical effect in the peripheral blood in these cohorts, so its effect at the spinal cord/
anterior-horn-cell level is even more uncertain. Of course, it is presently unclear whether
peripheral blood transcript or protein levels are adequate surrogate biomarkers for what is
happening at the motor neuron level; such a determination will await a clinical trial with an
effective therapeutic agent. Additional efforts to identify reliable biomarkers in SMA are
currently underway.33,34

Taken with the previously reported negative CARNI-VAL cohort 1 and 2 studies in SMA
children, these data suggest that VPA at the doses used in these studies is not effective in
SMA, at least when provided over a relatively short time period. However, the response
observed in the CARNI-VAL II/III clinical trial in the youngest cohort of subjects who
received treatment over 12 months lends some support to the idea that future studies should
concentrate on treating patients earlier in the disease process or, if we must count on
reinnervation as the primary means for recovery, over a longer treatment duration.
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Additional information on VPA in SMA should be forthcoming from the recently completed
Project Cure trial of VPA in type 1 infants, for which the data are being analyzed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AE adverse event

CMAP compound muscle action potential

DEXA dual-energy X-ray absorptiometry
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MVICT maximum voluntary isometric contraction testing

PFT pulmonary function test

QOL quality of life

SMA spinal muscle atrophy
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FIGURE 1.
Consort flow sheet.
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Table 1

Patients’ demographics.

Treatment group

Pretreatment
characteristic

Summary
statistic

Valproic
acid

(n = 16)

Placebo
(n = 17)

Total (n = 33)

Age N 16 17 33

Mean 35.93 38.30 37.15

SD 8.72 9.48 9.06

Gender Men 11 (68.8%) 9 (52.9%) 20 (60.6%)

Women 5 (31.3%) 8 (47.1%) 13 (39.4%)

SMN2 2 1 (6.7%) 2 (12.5%) 3 (9.7%)

3 3 (20.0%) 2 (12.5%) 5 (16.1%)

4 8 (53.3%) 11 (68.8%) 19 (61.3%)

5 3 (20.0%) 1 (6.3%) 4 (12.9%)

Weight N 16 17 33

Mean 85.70 82.03 83.81

SD 25.33 27.25 25.99

Height N 16 16 32

Mean 171.55 163.46 167.50

SD 10.41 32.73 24.24

BMI N 16 16 32

Mean 28.76 26.07 27.41

SD 6.90 5.50 6.29

SIP score N 16 17 33

Mean 1.26 3.98 2.66

SD 2.31 4.74 3.96

SMN2, survival motor neuron gene; BMI, body mass index; SIP, Sickness Impact Profile.
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