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Abstract

IMPORTANCE Tetramethylpyrazine nitrone has exhibited promising results in improving motor
dysfunction in neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS).

OBJECTIVE To evaluate the safety and efficacy of orally administered tetramethylpyrazine nitrone
in patients with ALS.

DESIGN, SETTING, AND PARTICIPANTS This phase 2, multicenter, double-masked, placebo-
controlled, randomized clinical trial was conducted from December 24, 2020, through July 14, 2023,
in 11 centers in China, with a 180-day follow-up. Patients aged 45 to 70 years, with ALS onset within
2 years, ALS Functional Rating Scale–Revised (ALSFRS-R) scores of at least 2 points on each item, and
forced vital capacity (FVC) of at least 80% were included. Patients experienced a 1- to 4-point
decrease in ALSFRS-R score during a 3-month screening period.

INTERVENTIONS Patients were randomly assigned 1:1:1 to receive low-dose tetramethylpyrazine
nitrone (600 mg twice daily), high-dose tetramethylpyrazine nitrone (1200 mg twice daily), or
placebo (twice daily) for 180 days.

MAIN OUTCOMES AND MEASURES The primary outcome was change in ALSFRS-R score (range of
0-48, with lower scores indicating worse function) from baseline to 180 days. The secondary
outcomes were changes in FVC, grip strength, ALS Assessment Questionnaire-40 (ALSAQ-40) score,
and end point events. Safety outcomes included adverse events.

RESULTS A total of 155 patients (mean [SD] age, 55.0 [6.5] years; 115 men [74.2%]) were
randomized (51 [32.9%] to the low-dose tetramethylpyrazine nitrone group, 52 [33.6%] to the high-
dose tetramethylpyrazine nitrone group, and 52 [33.6%] to the placebo group). No significant
differences were observed in ALSFRS-R score changes between low-dose tetramethylpyrazine
nitrone (least squares [LS] mean difference, −0.89 points; 95% CI −3.25 to 1.48 points) and high-dose
tetramethylpyrazine nitrone (LS mean difference, −0.20 points; 95% CI −2.48 to 2.07 points)
compared with placebo. High-dose tetramethylpyrazine nitrone showed a significantly slower
decline in grip strength at day 180 (LS mean difference, 2.46 kg; 95% CI, 0.15-4.76 kg). In a subgroup
of patients younger than 65 years with slower disease progression, tetramethylpyrazine nitrone
significantly attenuated the decline in grip strength (LS mean difference, 3.63 kg; 95% CI, 0.84-6.41
kg), bulbar scores (LS mean difference, 0.66 points; 95% CI, 0.03-1.29 points), and respiratory scores
(LS mean difference, 0.54 points; 95% CI, 0.03-1.06 points). Adverse events were mostly mild or
moderate, with no severe treatment-related adverse events or deaths.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE This randomized clinical trial demonstrates that
tetramethylpyrazine nitrone is safe and well-tolerated in patients with ALS. There was no difference
in the primary end point across the low-dose, high-dose, and placebo groups, with significant
benefits in a subgroup of younger patients with slower disease progression.

TRIAL REGISTRATION ChiCTR Identifier: ChiCTR2000039689
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Introduction

Amyotrophic lateral sclerosis (ALS) is a degenerative neuromuscular disease affecting motor neurons
within the cerebral cortex, brainstem, and spinal cord. The onset of ALS usually begins with local
morbidity and then spreads throughout the body, with a median survival of 3 to 5 years.1 Ultimately,
progressive muscle weakness and respiratory failure lead to death in most patients with ALS.2

Currently, 4 drugs (riluzole, edaravone, AMX0035, and tofersen) are approved by the US Food
and Drug Administration (FDA) for ALS treatment, but their clinical benefits are limited. Riluzole,
approved in 1995, extends survival by 2 to 3 months.3-5 Edaravone and AMX0035 delay disease
progression in patients with ALS to a limited extent. Improvements in grip strength and respiratory
function, 2 key markers of patient quality of life, with edaravone or AMX0035 were not statistically
significant compared with placebo.6,7 AMX0035 was approved by the FDA for ALS treatment after
the phase 2 CENTAUR trial, but the phase 3 PHOENIX study led to the discontinuation of AMX0035’s
marketing authorization. In clinical trials, tofersen reduced the level of neurofilament light chains in
patients with ALS associated with alterations in SOD1 (SOD1 ALS) but did not show improvement in its
primary (ALS Functional Rating Scale–Revised [ALSFRS-R] score) or secondary (grip strength and
respiratory function) end points.8 Although many new ALS treatments have entered the clinical
development stage, the efficacy and safety of these treatments still remain to be demonstrated.

The exact causes of ALS are not fully understood, but research has suggested multiple
contributing factors, including oxidative stress, calcium overload, mitochondrial dysfunction,
excitotoxicity, protein aggregation, and neuroinflammation.9-11 A nitrone derivative of
tetramethylpyrazine, from the Chinese herb Chuanxiong, shows multifunctional neuroprotective
effects by reducing calcium overload, improving mitochondrial function, activating autophagy, and
providing anti-inflammatory benefits.12-14 The nitrone group in tetramethylpyrazine nitrone, also
found in NXY-059, shows promise in reducing disability from acute ischemic stroke.15 Nonetheless,
NXY-059 failed in phase 3 clinical trials due to poor blood-brain barrier permeability, with only 1%
brain tissue concentration.16,17 In contrast to NXY-059, tetramethylpyrazine nitrone readily
penetrates the blood-brain barrier and reaches therapeutic levels in brain tissues, with
concentrations reaching approximately 68% of plasma levels.18 Importantly, tetramethylpyrazine
nitrone has been proven to improve motor dysfunction in various neurodegenerative disease animal
models, including ALS.19-22

Aside from readily penetrating the blood-brain barrier, a necessary feature for targeting central
nervous system diseases, tetramethylpyrazine nitrone also has a multifunctional mechanism of
action. In various cellular and animal models of ALS, tetramethylpyrazine nitrone blocked
intracellular calcium overload, reduced reactive oxygen species, upregulated the AMPK/PGC-1α/
NRF2/HO-1 (adenosine 5′-monophosphate–activated protein kinase/peroxisome proliferator–
activated receptor-γ coactivator 1α/nuclear factor erythoid 2–related factor 2/heme oxygenase-1)
pathway to improve mitochondrial function, and inhibited mammalian target of rapamycin to
activate autophagy, leading to the degradation of superoxide dismutase 1 (SOD1) and TAR
DNA-binding protein 43 (TDP-43) aggregates.21-24 Based on these findings, the aim of our study is to
investigate the safety and efficacy of tetramethylpyrazine nitrone in patients with ALS.
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Methods

Study Design and Patients
This phase 2, double-masked, placebo-controlled, randomized clinical trial was conducted from
December 24, 2020, through July 14, 2023, at 11 centers in China. Details of the trial rationale, design,
and methods have been described previously and are provided in the trial protocol (Supplement 1).
The trial was conducted in conformity with the Declaration of Helsinki,25 the Chinese Good Clinical
Practice guidelines,26 and local regulations. The institutional review board of each participating
center approved the protocol, and all patients provided written informed consent. This study
adhered to the Consolidated Standards of Reporting Trials (CONSORT) reporting guideline.

All patients had a diagnosis of definite or probable ALS per revised El Escorial criteria. Eligible
patients were aged 45 to 70 years with an ALS duration of 2 years or less, a decrease in ALSFRS-R
score of 1 to 4 points within a 3-month screening period, a score of at least 2 points on each ALSFRS-R
item, normal respiratory function (4 points), and a forced vital capacity (FVC) of at least 80% at
baseline. The ALSFRS-R is a 12-subdomain self-assessment for functionality scored on a scale of 0 to
48, with lower scores indicating worse function. The use of standard of care, such as riluzole, was
permitted, but edaravone was contraindicated. Exclusion criteria included familial ALS, cognitive
impairment, dysphagia, severe hepatic impairment (alanine aminotransferase or aspartate
aminotransferase >3 times the upper limit of normal), severe kidney impairment (creatinine
clearance <30 mL/min), cancer, hypersensitivity to the study drug or tetramethylpyrazine, or
participation in other trials within 30 days. Coordinating centers and clinical site information are
available in eTable 1 in Supplement 2. Detailed inclusion and exclusion criteria are shown in eTable 2
in Supplement 2.

Randomization and Masking
Dynamic randomization by minimization was used to balance sample sizes and prognostic factors
across groups. Patients were stratified by ALS diagnosis (definite vs probable), change in ALSFRS-R
score within the 3-month screening period (−1 or −2 vs −3 or −4), age (<65 vs �65 years), and riluzole
use (yes vs no). Eligible patients were randomly assigned (1:1:1) to a low-dose tetramethylpyrazine
nitrone group (600 mg orally twice daily), high-dose tetramethylpyrazine nitrone group (1200 mg
orally twice daily), or placebo group using an interactive web response system, which only authorized
personnel could access for randomization codes; treatment assignments followed these codes. The
tetramethylpyrazine nitrone and placebo tablets were packaged using random codes. All patients
and study personnel were masked to treatment assignments.

Procedures
Before randomization, potential participants entered a screening period of up to 3 months. Patients
with a decrease in ALSFRS-R score of 1 to 4 points within this period were randomly assigned to the
low-dose tetramethylpyrazine nitrone, high-dose tetramethylpyrazine nitrone, or placebo group.
The tetramethylpyrazine nitrone or placebo tablets were administered on an empty stomach at least
1 hour before or 2 hours after meals. The double-masked treatment period was from baseline to day
180. Study patients had visits on day 30, 90, and 180 after the baseline visit, with a telephone
interview done on days 7, 60, 120, and 150. Data on demographics, clinical characteristics, medical
history, concomitant medications, adverse events (AEs), serious AEs, vital signs, physical
examinations, electrocardiograms, and laboratory tests were collected and updated throughout the
trial. All data were uploaded to an electronic data capture system.

Outcomes
The primary efficacy end point was the change in ALSFRS-R score from baseline to day 180.
Secondary end points included the total score of the ALSFRS-R evaluated on days 30, 90, and 180,
as well as the corresponding changes in grip strength (calculated as the mean of both hands)
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measured at these time points. Secondary end points included the proportion of end point events,
changes in FVC, and variations in ALS Assessment Questionnaire-40 (ALSAQ-40) scores (scale of
0-500, with lower scores indicating better function). The prespecified end point events included
death, tracheotomy, or invasive or persistent noninvasive ventilation (daily usage time �22 hours
and duration �10 days). Safety outcomes included AEs, serious AEs, and changes in vital signs and
laboratory data before and after treatment.

Statistical Analysis
The sample size was not statistically predetermined, as this was an exploratory study on safety and
efficacy, estimating 150 total patients and 50 per group. Analysis of covariance (ANCOVA) was used
to analyze the primary end point in the full analysis set. The full analysis set was defined as
randomized patients with at least 1 dose of investigational medicine product and 1 postbaseline
efficacy assessment. The dependent variable was the change in ALSFRS-R score from baseline to day
180. Patients were included as a random effect in the analysis of the change in ALSFRS-R scores from
baseline, which was evaluated on days 30, 90, and 180. Covariates included the baseline ALSFRS-R
score, site, sex, ethnicity (Han Chinese, other), ALS diagnostic grade (clinical definite diagnosis vs
clinical probable diagnosis), ALSFRS-R decline during screening (−1 or −2 vs −3 or −4), age (<65 vs
�65 years), and riluzole use (yes vs no). The ethnicity of the participants was determined according
to the Chinese citizenship registration system. In addition to Han Chinese patients, patients from
Miao, Dong, and Manchu ethnic groups were also enrolled. Ethnicity was collected to show the high
homogeneity of the population. Group assignment was the fixed effect. At the outset of this study, a
prespecified fixed sequential testing approach was used. The comparison between the high-dose
group and the placebo group was tested first, followed by the low-dose vs placebo comparison,
contingent upon the success of the high-dose test. Least squares (LS) means and 95% CIs were
calculated for each group. The primary efficacy end point, ie, the change in ALSFRS-R score from
baseline to day 180, underwent Bonferroni correction to adjust for multiple comparisons. Analyses
were also conducted on a per-protocol set using ANCOVA.

The ALSFRS-R subdomain scores followed the total score methodology. Secondary end points,
including changes in ALSFRS-R scores on days 30, 90, and 180 from baseline and FVC and grip
strength, were analyzed using a mixed model for repeated measures in the full analysis set. The
ALSAQ-40 score was analyzed using ANCOVA. End point event proportions and time-to-event end
points were analyzed using Fisher exact test and Wilcoxon rank sum test, respectively. Safety was
assessed in patients receiving at least 1 dose of investigational medicine product. To address missing
data, we used multiple imputation techniques to fill in missing values based on observed data. This
approach ensures that the analysis remains robust and minimizes the impact of missing data on the
study’s findings. Statistical analyses were performed using SAS, version 9.4 (SAS Institute Inc). P <
.05 was set as the threshold for statistical significance (2-sided).

Results

Randomization and Baseline Characteristics
A total of 259 patients with ALS were screened, and 155 (mean [SD] age, 55.0 [6.5] years; 115 men
[74.2%] and 40 women [25.5%]; 152 of Han Chinese [98.1%] and 3 of other [1.9%] ethnicity) were
randomly assigned to the low-dose tetramethylpyrazine nitrone group (51 patients [32.9%]), high-
dose tetramethylpyrazine nitrone group (52 patients [33.6%]), or placebo group (52 patients
[33.6%]). Among these 155 patients, 22 discontinued early due to voluntary withdrawal, AEs, or
progressive disease. Ultimately, 42 patients (82.4%) in the low-dose tetramethylpyrazine nitrone
group, 46 (88.5%) in the high-dose tetramethylpyrazine nitrone group, and 45 (86.5%) in the
placebo group completed the 180-day treatment (Figure 1).

The demographic and baseline characteristics of the full analysis set (148 patients) were similar
across groups except for prior riluzole and/or edaravone use (Table 1). Prior use of riluzole alone was
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the most common among all groups (39 patients [84.8%] in the low-dose tetramethylpyrazine
nitrone group, 33 [63.5%] in the high-dose tetramethylpyrazine nitrone group, and 39 [78.0%] in the
placebo group). Only 1 patient (2.0%) with a history of edaravone use alone was present in the
placebo group. The number of patients with a history of using both riluzole and edaravone was
different across the groups, with 3 (6.5%) in the low-dose tetramethylpyrazine nitrone group, 15
(28.8%) in the high-dose tetramethylpyrazine nitrone group, and 10 (20.0%) in the placebo group
(Table 1). Most patients were male (110 [74.3%] vs 38 female [25.7%]) and younger than 65 years
(130 [87.8%] vs 18 [12.2%] aged �65 years). The mean (SD) ALS duration was 14.4 (5.0) months.
During screening, 111 patients (75.0%) had an ALSFRS-R score change of −1 or −2 points, and 37
(25.0%) had a change of −3 or −4 points. The mean (SD) baseline grip strength was 15.8 (10.2) kg, and
mean (SD) baseline FVC was 98.4% (13.1%). The median duration of drug exposure for patients was
178.5 days (IQR, 170.0-181.0 days) in the low-dose tetramethylpyrazine nitrone group, 178.8 days
(IQR, 173.5-181.5 days) in the high-dose tetramethylpyrazine nitrone group, and 178.0 days (IQR,
172.5-181.5 days) in the placebo group. During the trial, riluzole was administered to 45 patients
(88.2%) in the low-dose tetramethylpyrazine nitrone group, 46 (88.5%) in the high-dose
tetramethylpyrazine nitrone group, and 48 (92.3%) in the placebo group.

Efficacy Outcomes
For the primary end point, the LS mean difference vs placebo for change from baseline in ALSFRS-R
scores at 180 days was −0.89 points (95% CI, −3.25 to 1.48 points; P = .40) with low-dose
tetramethylpyrazine nitrone and −0.20 (95% CI, −2.48 to 2.07; P = .84) with high-dose
tetramethylpyrazine nitrone (Table 2). There were no significant differences in ALSFRS-R score
changes between the tetramethylpyrazine nitrone and placebo groups. The ALSFRS-R score trends
over time are shown in Figure 2A and further detailed in eTables 3 and 4 in Supplement 2. The
ALSFRS-R subdomain scores also did not differ among groups at day 180 (Table 2). The eFigure in
Supplement 2 shows the results of a prespecified subgroup analysis of change from baseline to day

Figure 1. Enrollment and Randomization of the Patients

259 Patients assessed for eligibility

104 Excluded
68 Did not meet inclusion criteria

15 Withdrew informed consent
12 For other reasons

6 Met exclusion criteria
3 Did not meet inclusion criteria and met exclusion criteria

155 Randomized

51 Received low-dose 
tetramethylpyrazine nitrone

52 Received high-dose 
tetramethylpyrazine nitrone

52 Received placebo

9 Discontinued study intervention 6 Discontinued study intervention 7 Discontinued study intervention
4 Withdrew by patient decision 2 Withdrew informed consent 4 Withdrew by patient decision
2 Adverse events 2 Withdrew by patient decision 1 Withdrew informed consent
1 Withdrawn by physiciana 1 Adverse event 1 Poor compliance
1 Withdrew informed consent 1 Poor compliance 1 Other reason
1 Lost to follow-up

42 Completed study
46 Included in the full analysis 

set population
40 Included in the 

per-protocol population
50 Included in the safety population

46 Completed study
52 Included in the full analysis 

set population
45 Included in the 

per-protocol population
52 Included in the safety population

45 Completed study
50 Included in the full analysis 

set population
43 Included in the 

per-protocol population
51 Included in the safety population

a Patient required invasive ventilator support.
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180 in ALSFRS-R score. A prespecified subgroup analysis suggested potential treatment interactions
favoring tetramethylpyrazine nitrone by day 180 in patients consistently using riluzole.

From baseline to day 180, the LS mean difference vs placebo in FVC was −1.43% (95% CI,
−7.47% to 4.62%; P = .64) with low-dose tetramethylpyrazine nitrone and 0.16% (95% CI, −5.76% to
6.08%; P = .96) with high-dose tetramethylpyrazine nitrone (Table 2). In the full analysis set, grip
strength changes from baseline to day 180 were not significantly different between the low-dose
tetramethylpyrazine nitrone and placebo groups (difference, 1.06 kg; 95% CI, −1.31 to 3.44 kg;
P = .38). However, the high-dose tetramethylpyrazine nitrone group showed a significant
attenuation of the decline in grip strength compared with placebo (LS mean difference, 2.46 kg; 95%
CI, 0.15-4.76 kg; P = .04) (Figure 2B). Similarly, in the per-protocol set, the high-dose
tetramethylpyrazine nitrone group exhibited a significant attenuation of grip strength decline
compared with placebo at day 180 (LS mean difference, 2.42 kg; 95% CI, 0.04-4.80 kg; P = .046)
(eTable 5 in Supplement 2). Sensitivity analyses confirmed the robustness of the grip strength
results. At day 180, the ALSAQ-40 scores increased slightly in the low-dose tetramethylpyrazine
nitrone group compared with the placebo group (LS mean difference, 2.92 points; 95% CI, −31.91 to

Table 1. Demographics and Clinical Characteristics at Baseline in the Full Analysis Set

Characteristic

Participants, mean (SD)

Placebo group
(n = 50)

Low-dose
tetramethylpyrazine
nitrone group (n = 46)

High-dose
tetramethylpyrazine
nitrone group (n = 52)

Sex, No. (%)

Female 15 (30.0) 13 (28.3) 10 (19.2)

Male 35 (70.0) 33 (71.7) 42 (80.8)

Age, y 53.4 (6.7) 55.6 (6.4) 55.5 (6.3)

Age group, No. (%), y

<65a 45 (90.0) 40 (87.0) 45 (86.5)

≥65a 5 (10.0) 6 (13.0) 7 (13.5)

Ethnicity, No. (%)

Han Chinese 50 (100.0) 45 (97.8) 50 (96.2)

Otherb 0 1 (2.2) 2 (3.8)

Height, cm 165.9 (7.7) 165.2 (8.2) 166.4 (6.5)

Body weight, kg 64.0 (8.7) 63.4 (11.4) 65.5 (10.8)

BMI, kg/cm2 23.2 (2.8) 23.1 (3.1) 23.5 (3.0)

ALS diagnostic criteriac

Definitea 28 (56.0) 24 (52.2) 29 (55.8)

Probablea 22 (44.0) 22 (47.8) 23 (44.2)

Duration of disease, y 1.4 (0.4) 1.2 (0.4) 1.2 (0.4)

Duration groups, No. (%), y

<1 15 (30.0) 20 (43.5) 21 (40.4)

≥1 35 (70.0) 26 (56.5) 31 (59.6)

ALSAQ-40 scored 80.9 (53.1) 76.6 (56.4) 80.4 (50.7)

ALSFRS-R scoree

Day 90 (before screening period) 43.5 (2.1) 43.6 (2.5) 43.7 (2.1)

Day 0 (at baseline) 41.8 (2.2) 41.8 (2.5) 41.8 (2.3)

Change during the screening period, No. (%)

−2 or −1a 39 (78.0) 34 (73.9) 38 (73.1)

−4 or −3a 11 (22.0) 12 (26.1) 14 (26.9)

Maximum grip strength, kgf 16.1 (7.8) 14.5 (10.4) 16.5 (12.0)

FVC, % 98.3 (12.1) 99.2 (13.2) 97.9 (14.0)

History of riluzole and/or edaravone use, No. (%)

Riluzole only 39 (78.0) 39 (84.8) 33 (63.5)

Edaravone only 1 (2.0) 0 (0.0) 0 (0.0)

Both riluzole and edaravone 10 (20.0) 3 (6.5) 15 (28.8)

Abbreviations: ALS, amyotrophic lateral sclerosis;
ALSAQ-40, Amyotrophic Lateral Sclerosis Assessment
Questionnaire-40; ALSFRS-R, Amyotrophic Lateral
Sclerosis Functional Rating Scale-Revised; BMI, body
mass index (calculated as weight in kilograms divided
by height in meters squared); FVC, forced vital
capacity.
a Factor used in dynamic allocation.
b Details of ethnicity are not disclosed because of the

small number of participants.
c According to revised El Escorial criteria.
d Scored on a scale of 0 to 500, with lower scores

indicating better function.
e Scored on a scale of 0 to 48, with lower scores

indicating worse function.
f Mean of both hands.
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37.75 points; P = .87) but decreased in the high-dose tetramethylpyrazine nitrone group (LS mean
difference, −5.16 points; 95% CI, −38.37 to 28.05 points; P = .76); however, neither of these
differences were statistically significant.

End point events occurred in 9 patients (19.6%) in the low-dose tetramethylpyrazine nitrone
group, 5 (9.6%) in the high-dose tetramethylpyrazine nitrone group, and 7 (14.0%) in the placebo
group, with no significant differences (Fisher exact test P = .35) (Table 2). The median time to end
point events was 3.3 months (IQR, 3.0-5.3 months) in the placebo group, 5.0 months (IQR, 3.0-5.9
months) in the low-dose tetramethylpyrazine nitrone group, and 6.1 months (IQR, 5.1-6.2 months) in
the high-dose tetramethylpyrazine nitrone group (Table 2). Compared with the placebo group, the
time to end point events increased by 51.5% in the low-dose tetramethylpyrazine nitrone group
(from 3.3 to 5.0 months) and by 84.8% in the high-dose tetramethylpyrazine nitrone group (from 3.3
to 6.1 months).

Subgroup Analysis
Since the rate of disease progression and patient age may affect drug response, we stratified patients
according to their initial progression rate and age in a sensitivity analysis. The subset of individuals
younger than 65 years who had a decline in ALSFRS-R score of 1 to 2 points within the 3-month
screening period was designated as the slower progression subgroup. This subgroup included 90 of
155 (58.1%) patients, with 28 (18.1%) receiving low-dose tetramethylpyrazine nitrone, 29 (18.7%)
receiving high-dose tetramethylpyrazine nitrone, and 33 (21.3%) receiving placebo. The primary and
all secondary end points, excluding ALSAQ-40 and proportion of end point events, were evaluated
within the slower progression subgroup.

For ALSFRS-R scores at day 180, the LS mean difference vs placebo was 0.75 points (95% CI,
−1.40 to 2.90 points; P = .49) with low-dose tetramethylpyrazine nitrone and 1.83 points (95% CI,
−0.29 to 3.95 points; P = .09) with high-dose tetramethylpyrazine nitrone (Table 2). Moreover, high-
dose tetramethylpyrazine nitrone showed significant positive effects on ALSFRS-R bulbar
subdomain scores compared with placebo (LS mean difference, 0.66 points; 95% CI, 0.03-1.29
points; P = .04). For the ALSFRS-R respiratory subdomain scores, the LS mean difference vs placebo
was 0.54 points (95% CI, 0.03-1.06 points; P = .04) with low-dose tetramethylpyrazine nitrone and
0.61 points (95% CI, 0.09-1.12 points; P = .02) with high-dose tetramethylpyrazine nitrone. At day
180, grip strength also exhibited a significantly slower decline with high-dose tetramethylpyrazine
nitrone (LS mean difference, 3.63 kg; 95% CI, 0.84-6.41; P = .01). Grip strength also exhibited a
slower decline with low-dose tetramethylpyrazine nitrone (LS mean difference, 2.51 kg; 95% CI,
−0.36 to 5.37 kg; P = .09), although the difference was not significant.

Figure 2. Mean Amyotrophic Lateral Sclerosis Functional Rating Scale–Revised (ALSFRS-R) Score
and Grip Strength in the Full Analysis Set
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Safety Outcomes
Of the 155 randomized patients, 153 were included in the safety analysis set. Treatment-emergent
AEs of any grade occurred in 115 patients (75.2%). As detailed in Table 3, 5 of 50 patients (10.0%) in
the low-dose tetramethylpyrazine nitrone group, 3 of 52 (5.8%) in the high-dose
tetramethylpyrazine nitrone group, and 3 of 51 (5.9%) in the placebo group experienced treatment-
emergent AEs of grade 3 or higher. Treatment-related AEs were noted in 12 of 50 patients (24.0%) in
the low-dose group, 18 of 52 (34.6%) in the high-dose group, and 9 of 51 (17.6%) in the placebo group
and were mostly mild or moderate in intensity. No grade 3 or higher treatment-related AEs or deaths
occurred. Treatment-related AEs leading to drug interruption were rare. Serious AEs were similar in

Table 3. Adverse Events in the Safety Analysis Set

Outcome

Placebo group (n = 51)
Low-dose tetramethylpyrazine
nitrone group (n = 50)

High-dose tetramethylpyrazine
nitrone group (n = 52)

Events, No. Patients, No. (%) Events, No. Patients, No. (%) Events, No. Patients, No. (%)
All TEAEs

Any 120 40 (78.4) 81 39 (78.0) 103 36 (69.2)

Severity (grade ≥3) 3 3 (5.9) 5 5 (10.0) 4 3 (5.8)

TRAEs 16 9 (17.6) 19 12 (24.0) 36 18 (34.6)

Severity (grade ≥3) 0 0 0 0 0 0

Leading to drug interruption 1 1 (2.0) 4 1 (2.0) 0 0

Leading to study discontinuation 0 0 1 1 (2.0) 2 1 (1.9)

Leading to drug discontinuation 0 0 1 1 (2.0) 0 0

TEAEs reported in ≥5% of patients

COVID-19 3 3 (5.9) 5 5 (10.0) 5 4 (7.7)

Urinary tract infection 5 5 (9.8) 3 3 (6.0) 2 2 (3.8)

Upper respiratory tract infection 6 5 (9.8) 3 3 (6.0) 1 1 (1.9)

ALT elevation 4 3 (5.9) 2 2 (4.0) 6 5 (9.6)

AST elevation 3 2 (3.9) 0 0 4 4 (7.7)

GGT elevation 0 0 0 0 4 4 (7.7)

TSH elevation 2 1 (2.0) 3 3 (6.0) 0 0

Body weight gain 0 0 3 3 (6.0) 0 0

Diarrhea 3 3 (5.9) 2 1 (2.0) 1 1 (1.9)

Constipation 0 0 1 1 (2.0) 6 3 (5.8)

Dizziness 3 3 (5.9) 7 7 (14.0) 1 1 (1.9)

Headache 6 4 (7.8) 0 0 1 1 (1.9)

Influenza-like illness 3 3 (5.9) 0 0 5 3 (5.8)

Fever 3 3 (5.9) 0 0 0 0

Limb pain 4 3 (5.9) 0 0 1 1 (1.9)

Back pain 1 1 (2.0) 0 0 3 3 (5.8)

Expectoration 3 3 (5.9) 0 0 0 0

Abnormal liver function 1 1 (2.0) 4 4 (8.0) 2 2 (3.8)

Rash 1 1 (2.0) 3 3 (6.0) 1 1 (1.9)

Hypertension 4 4 (7.8) 0 0 2 2 (3.8)

SAEs 1 1 (2.0) 3 3 (6.0) 3 3 (5.8)

Epidural hematoma 0 0 0 0 1 1 (1.9)

Femoral neck fracture 0 0 1 1 (2.0) 0 0

Clavicle fracture 0 0 0 0 1 1 (1.9)

Infectious pneumonia 0 0 1 1 (2.0) 0 0

Gastroenteritis 0 0 0 0 1 1 (1.9)

Syncope 1 1 (2.0) 0 0 0 0

Nephrolithiasis 0 0 1 1 (2.0) 0 0

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, γ-glutamyl transferase; SAE, serious adverse event; TEAE, treatment-emergent adverse event;
TRAE, treatment-related adverse event; TSH, thyroid-stimulating hormone.
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incidence among all study groups, with none related to the investigational medicine product
(Table 3).

Discussion

The ALSFRS-R scoring system is a frequently used scale consisting of 12 subparameters that assess
the functional status and disease progression of patients with ALS.27,28 In this phase 2 randomized
clinical trial, tetramethylpyrazine nitrone did not significantly improve the primary end point of
ALSFRS-R score at 180 days, and the results were similar across all prespecified sensitivity analyses.

Although each subparameter contributes equally to the total ALSFRS-R score, the importance
of the 12 subparameters varies in clinical practice. Bulbar and respiratory functions are highly
correlated with the quality of life and survival of patients with ALS. Nearly all patients with ALS
eventually die from respiratory failure. The ALSFRS-R bulbar and respiratory subdomain scores
exhibited differences of 11.1% and 20.7% between the high-dose tetramethylpyrazine nitrone and
placebo groups, respectively. High-dose tetramethylpyrazine nitrone slightly delayed the
deterioration of FVC in patients with ALS.

In the slower progression subgroup, high-dose tetramethylpyrazine nitrone significantly
decreased the decline in ALSFRS-R bulbar subdomain scores. Additionally, both tetramethylpyrazine
nitrone groups showed significant reductions in the decline of ALSFRS-R respiratory subdomain
scores, with placebo-adjusted improvements of 76.1% and 85.9%, respectively. These results
suggest that tetramethylpyrazine nitrone may delay the deterioration of bulbar and respiratory
function, especially in patients experiencing slow progression. Compared with placebo, the time to
end point events increased by 51.5% in the low-dose tetramethylpyrazine nitrone group and by
84.8% in the high-dose tetramethylpyrazine nitrone group. Additional clinical trials are needed to
confirm the beneficial effects seen during this trial.

Muscle weakness and atrophy are the main characteristics of ALS, leading to functional
impairment and respiratory failure.24 Grip strength, a measure of muscle strength, is associated with
ALS progression. Currently, FDA-approved drugs for ALS do not meaningfully improve grip strength.
Riluzole prolongs survival by a few months but does not enhance symptoms or functionality.
Edaravone’s efficacy is inconsistent, and it is not approved in Europe due to limited
effectiveness.6,29,30 AMX0035 failed to meet its end points in a phase 3 trial.31 Tofersen, an antisense
oligonucleotide, reduced SOD1 levels but did not show significant clinical improvements in ALSFRS-R
scores, FVC, or grip strength during the initial 6 months of treatment. However, in the long-term
follow-up of the open-label extension study, a potential benefit for patients who began tofersen
treatment earlier in the disease course was indicated.8 In this trial, high-dose tetramethylpyrazine
nitrone significantly slowed patients’ decline in mean grip strength between both hands compared
with placebo in both the full analysis and per-protocol sets. This effectiveness of tetramethylpyrazine
nitrone in grip strength was more pronounced in the slower progression subgroup for both sets,
highlighting the robustness of this assessment. The positive impact of tetramethylpyrazine nitrone
on grip strength is clinically significant, suggesting potential quality-of-life benefits for patients
with ALS.

As ALS is a progressive neurodegenerative disease that affects motor neurons, leading to
muscle weakness, paralysis, and death, drugs that increase the force of contraction of skeletal muscle
may be of benefit. The ability of tetramethylpyrazine nitrone to penetrate the blood-brain barrier
and achieve therapeutic concentrations in the brain is unique. Preclinical studies have shown
tetramethylpyrazine nitrone’s multifunctional mechanism in protecting motor neurons and
enhancing muscle strength by scavenging reactive oxygen species, upregulating the AMPK/PGC-1α/
Nrf2/HO-1 pathway, and inhibiting mammalian target of rapamycin to induce autophagy, leading to
SOD1 and TDP-43 protein aggregate degradation.23,24 Despite not meeting the primary end point of
ALSFRS-R change, tetramethylpyrazine nitrone significantly delayed grip strength deterioration, an
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important secondary end point and key marker of ALS disease progression and patients’ quality
of life.

Adverse events and laboratory changes were similar across all groups. In addition, the safety
outcomes are consistent with the previous phase 2 clinical trials of oral tetramethylpyrazine nitrone
for diabetic kidney disease, where no significant safety concerns were noted.32 It should be noted
that patients with severe hepatic and kidney impairment were excluded from this study.

Limitations
This study has several limitations. In SOD1G93A ALS mice, tetramethylpyrazine nitrone mitigated the
loss of spinal motor neurons, the glial response, muscle fiber denervation, and fibrosis.23

Additionally, tetramethylpyrazine nitrone extended survival in TDP-43M337V mice injected bilaterally
during the early stages of ALS.24 The objective of this phase 2 study was to maintain functionality
and quality of life for patients with early-stage ALS, and long-term survival outcomes were not
assessed due to the constraints on treatment and observation periods. Oxidative stress,
mitochondrial dysfunction, and impaired autophagy are all potential factors contributing to ALS
pathophysiology, from its initial to advanced stages. This study did not evaluate the effectiveness of
tetramethylpyrazine nitrone in a broader cohort of patients with advanced-stage ALS. Furthermore,
there was a lack of data on neurofilament light chains in cerebrospinal fluid or plasma, which would
be necessary to assess the impact of tetramethylpyrazine nitrone on neurodegeneration.

Conclusions

In this multicenter, phase 2, double-masked, placebo-controlled randomized clinical trial,
tetramethylpyrazine nitrone was both safe and well-tolerated in patients with ALS. Although there
was no significant improvement in the primary end point of change in ALSFRS-R score from baseline
to day 180, patients treated with tetramethylpyrazine nitrone achieved a significant delay in the
deterioration of grip strength compared with placebo. Subgroup analysis demonstrated that
tetramethylpyrazine nitrone was particularly effective in enhancing motor and respiratory function
in patients younger than 65 years with slow disease progression.
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