
CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 116 NUMBER 6 | December 20241580

First-in-Human Evaluation of Safety, 
Pharmacokinetics and Muscle Glycogen 
Lowering of a Novel Glycogen Synthase 1 
Inhibitor for the Treatment of Pompe Disease
Julie C. Ullman1,* , Ryan A. Dick1, Daniela Linzner1, Todd Minga1,4, Samnang Tep1,  
Terrence F. Satterfield1, Yannan Xi1, David T. Beattie1 , Tonya Marmon2, Joel M. Neutel3, Bernard Chung1, 
Janet M. Leeds1, Sarah B. Noonberg1,5, Eric M. Green1,6 and Harold S. Bernstein1

Pompe disease is a rare glycogen storage disease caused by mutations in the enzyme acid α-glucosidase (GAA) 
resulting in pathological accumulation of glycogen in muscle tissues leading to progressive weakness and 
respiratory dysfunction. Enzyme replacement therapy (ERT) with GAA is currently the sole treatment option for 
patients with Pompe disease. ERT burdens patients with frequent intravenous infusions while insufficiently halting 
disease progression due to incomplete ERT skeletal muscle distribution. Glycogen synthase 1 (GYS1) has been 
proposed as a substrate reduction therapy (SRT) target for Pompe disease. Here, we report results from the first-
in-human study of the orally available GYS1 inhibitor MZE001 in healthy subjects. In 88 participants, MZE001 was 
well-tolerated up to a single dose of 480 mg BID and multiple doses of 720 mg BID for 10 days. Noncompartmental 
analysis determined that the half-life and Ctrough concentrations of MZE001 could provide efficacious exposures with 
once or twice daily oral dosing. Change from baseline of peripheral blood mononuclear cell (PBMC) glycogen, which 
correlated with muscle glycogen levels in preclinical models, was significantly reduced dose-dependently following 
10 days of MZE001 treatment in healthy subjects. A muscle biopsy sub-study demonstrated that 10 days of MZE001 
(480 mg BID) dosing safely and substantially lowered muscle glycogen stores in healthy adults. This correlated with 
the PBMC exposure response and supports the use of PBMC glycogen reduction as a surrogate for muscle response, 
and MZE001 potential for development as the first oral substrate reduction therapy for patients with Pompe 
disease.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; Pompe disease is a rare glycogen storage disease treated with 

biweekly intravenous ERT infusions, which have a tremen-
dous impact on quality of life and for many patients does not 
stop disease progression. Glycogen substrate reduction therapy 
(SRT) has been proposed as an alternative and complementary 
therapeutic strategy for Pompe disease.
WHAT QUESTION DID THIS STUDY ADDRESS?
	; The FIH study evaluated the safety, tolerability, PK, and PD 

of MZE001 in healthy subjects.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	;MZE001 is an orally available inhibitor of muscle glycogen 

synthase that potently reduces glycogen synthesis. MZE001 was 

well-tolerated and substantially lowered muscle glycogen stores 
in healthy adults. These data demonstrate Proof of Mechanism 
for glycogen synthase 1 inhibition SRT as a viable therapeutic 
approach to reduce glycogen stores in human beings and sup-
ports advancement of MZE001 to clinical studies in patients 
with Pompe disease.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
	; The FIH study of MZE001 supports testing this compound 

in patients with Pompe disease. The novel biomarker assays 
PBMC-glycogen and 13C6-glycogen muscle biopsy could have 
broad application for glycogen storage diseases and metabolism 
research.
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Pathological accumulation of glycogen is the hallmark of more 
than a dozen glycogen storage diseases (GSD).1 Pompe Disease, also 
known as GSD Type II, results from loss-of-function mutations in 
the lysosomal enzyme acid α-glucosidase (GAA).2 In Pompe dis-
ease, the primary disease manifestation involves progressive accu-
mulation of glycogen in skeletal and cardiac muscle tissues that 
causes weakness and respiratory compromise. Treatments have 
focused on therapeutic delivery of the missing enzyme GAA to 
reduce accumulation of lysosomal glycogen inside cells. Currently, 
enzyme replacement therapies (ERT) using recombinant human 
GAA (rhGAA) are the only approved treatments for Pompe dis-
ease. However, long-term outcome studies have revealed variable 
efficacy of rhGAA treatment and in many patients ERT becomes 
less effective over time.3–6 Several new ERT and gene therapies are 
under clinical evaluation today; however, all are focused on replac-
ing GAA enzyme and none is orally available.7

Substrate reduction therapy (SRT) has been proposed for the 
treatment of Pompe disease to ameliorate glycogen burden by 
reducing the production of glycogen. Several preclinical stud-
ies demonstrated that genetic reduction of glycogen synthase 1 
(GYS1), the muscle glycogen synthesis enzyme, ameliorates glyco-
gen pathology in Pompe model mice.8–10 Recently, potent small 
molecule inhibitors of GYS1 were shown to reduce glycogen stores 
to healthy levels in the Pompe mouse.11 These preclinical studies 
demonstrate that GYS1 SRT is a viable target for therapeutic inter-
vention that is well tolerated by transgenic Pompe mice.

Nonetheless, questions have remained about the potential safety 
implications of chronically lowering muscle glycogen levels in hu-
mans. Patients with ultra-rare Glycogen Storage Disease Type 0B 
have homozygous loss of function mutations in GYS1. The avail-
able reports from these few patients describe mixed outcomes rang-
ing from juvenile exercise intolerance leading to sudden cardiac 
arrest to adult-onset muscle myopathy presenting as fatigability 
and weakness, without cardiac involvement.12–14 The use of large 
human genetics biobanks has recently enabled analysis of endophe-
notypes from thousands of individuals with common genetic vari-
ants known to reduce muscle glycogen levels by ~65%.11,15 These 
individuals were not found to have any debilitating phenotype 
when evaluated by markers of exercise capacity, glucose and insu-
lin sensitivity, or cardiac function.11 When considered in combi-
nation with the preclinical data, the human genetics data suggest 
that there is a range of GYS1 inhibition that could effectively lower 
glycogen stores and be well tolerated.

MZE001 is an orally available, selective, and potent small mol-
ecule inhibitor of GYS1 intended for the treatment of Pompe 
disease, and potentially for other glycogen storage disorders. 
Preclinical in  vitro and in  vivo data demonstrate that MZE001 
selectively inhibits glycogen synthesis in GYS1 expressing cells, 

including skeletal muscle cells, and does not inhibit the liver gly-
cogen synthase isoform GYS2. Clinical development of MZE001 
was initiated after nonclinical safety assessment. Novel biomark-
ers identified in preclinical translational studies that are presented 
here were studied in healthy subjects to establish proof of mecha-
nism studies. The first-in-human, dose escalation study described 
in the current report evaluated the safety, tolerability, pharmaco-
kinetics (PK), and pharmacodynamics (PD) of single and multiple 
oral doses of MZE001 and evaluated the effects on glucose homeo-
stasis and exercise tolerance in healthy subjects. The study analyzed 
established PD biomarkers including HEX4 as well as multiple 
novel biomarkers for assessing glycogen production in circulating 
blood cells and skeletal muscle.

METHODS
Clinical study assessments

Conduct and compliance. This study was conducted at the Orange 
County Research Center in Tustin, CA, in full compliance with the 
protocol, the principles of the “Declaration of Helsinki” (as amended in 
Tokyo, Venice, Hong Kong, and South Africa), Good Clinical Practices 
(GCPs), including International Council for Harmonization (ICH) 
Technical Requirements for Registration of Pharmaceuticals for Human 
Use Guidelines, and applicable regional regulatory requirements (i.e., 
ICH E6).

Study design. This was a phase I, single-center, randomized, double-
blind, placebo-controlled, single ascending dose (SAD)/multiple ascend-
ing dose (MAD) and food effect study to evaluate the safety, tolerability, 
pharmacokinetics (PK), and pharmacodynamics (PD) of orally admin-
istered MZE001 in healthy subjects. MZE001 was administered as a 
powder in capsule formulation. The study was registered with Clinc​alTri​
als.​gov ID NCT05249621. Each SAD and MAD cohort enrolled eight 
subjects randomized to six active: two placebo to receive either single or 
multiple doses of MZE001, except the MAD PK/PD cohort which ran-
domized subjects to four active: four placebo.

In the SAD phase, subjects received a single dose of 10, 30, 60, 120, 
240, or 480 mg of MZE001. One additional cohort received two 480 mg 
doses administered on a single day, with the second dose administered 
10 hours after the first (hereafter referenced as the BID dosing para-
digm). Doses were administered in the morning after an overnight fast. 
Subjects in the 60 mg cohort returned 3 weeks after their first dose for a 
second 60 mg dose after eating a high-fat breakfast. Subjects in the first 
MAD cohort received once daily doses of 10 mg MZE001 for 10 days. 
Subjects in all other cohorts received two doses each day, with the second 
dose administered 10 hours after the first dose for 10 consecutive days. 
Dose levels evaluated were 30, 60, 120, 240, 480, and 720 mg.

Subject participants. Subjects enrolled were males and females, aged 
18–55 with a body mass index (BMI) between 18.0 and 32.0 kg/m2, 
inclusive. Subjects were healthy as determined by the investigator 
based on pre-study medical history, physical examination, vital signs, 
complete neurological examination, 12-lead ECG at the screening 
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visit as well as laboratory tests (viral screening (HBsAg. Anti-HCV, 
HIV), serum chemistry, hematology, coagulation, urine drug screen-
ing, and urinalysis). Hemoglobin A1C was tested and required to be 
within normal limits for the 13C-glucose administration cohort only. 
Subjects screened for the multiple ascending dose (MAD) portion of 
the study were required to complete an exercise treadmill test16 with 
no ECG detected cardiac abnormalities. Female participants of child-
bearing potential (i.e., ovulating, pre-menopausal, and not surgically 
sterile) and all male participants with sexual partners of childbear-
ing potential were required to use highly effective methods of birth 
control during their participation in the study and subsequently for 
90 days for males and 30 days for females after the last administration 
of study drug.

Safety analysis. The primary endpoint of safety was assessed through 
the recording of AEs, TEAEs, physical examinations, vital signs, ECGs, 
clinical laboratory values, and exercise treadmill tests (MAD doses 120 
through 720 mg BID). The exercise treadmill test using a Bruce proto-
col16 was used in this study for MAD doses of 120 through 720 mg BID 
only at timepoints described in corresponding to the approximate Tmax 
to collect data on exercise duration, peak heart rate achieved, and the 
presence of any clinically relevant ECG changes.

PK analysis. For the SAD portion of the study, blood samples were col-
lected pre-dose and at 0.5, 1, 1.5, 2, 3, 6, 12, 24, 48, 72, 96, and 168 hours 
post-dose on Day 1. For the 240 and 480 mg SAD doses blood samples 
were collected pre-dose and at 1, 2, 3, 4, 6, 12, 24, 48, 72, and 96-hours 
post-dose on Day 1. For the SAD 480 mg BID dose blood samples were 
collected pre-dose and at 1, 2, 3, 4, 6, 10 (prior to evening dose), 11, 12, 
13, 14, 16, 24, 48, 72, and 96-hours post-dose. In the MAD portion of 
the study, the 10 mg QD cohort blood samples were collected pre-dose 
and 0.5, 1, 1.5, 2, 3, 6, and 12 hours post-dose on Day 1; pre-dose on 
Day 2; pre-dose and 2 hours post-dose on Days 3, 5, 7 and pre-dose, 0.5, 
1, 1.5, 2, 3, 6, 12, 24, 48, 72, 96, 120, and 168 hours post-dose on Day 
10. For MAD 30, 60, 120, 240, 480, and 720 mg BID cohorts blood 
samples were collected pre-dose and at 1, 2, 3, 4, 6, 10 (prior to evening 
dose), 11, 12, 13, 14, and 16 hours post-dose on Day 1; prior to morning 
dose on Days 2, 3, 5, 7, 8, 9, and pre-dose and 1, 2, 3, 4, 6, 10, 11, 12, 13, 
14, 16, 24, 48, 72, and 96 hours following the Day 10 dose.

Plasma samples were analyzed for MZE001 concentrations using 
a validated high-performance liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) method. Samples were prepared for anal-
ysis by adding deuterated internal standard in 50% acetonitrile to the 
plasma sample followed by centrifugation to remove precipitate prior to 
injection onto the triple quadrupole mass spectrometer with detection 
using positive ion electrospray. The separation used a Waters BEH C18 
column (2.1 × 50 mm, 1.7 μm) with mobile phases consisting of ammo-
nium acetate and formic acid transitioning from low to high acetoni-
trile in deionized water at a f low rate of 0.6 mL/min. The gradient used 
is in theTable below which details step, total time, f low rate, and com-
position. The ratios of the peak analyte parent to child ion transition to 
internal standard were quantified using a calibration curve.

Step
Total time 
(minute)

Flow rate  
(μL/minute)

Composition

A(%) B(%)

0 0.00 600 50 50

1 0.30 600 50 50

2 1.00 600 5 95

3 1.50 600 5 95

4 1.51 600 50 50

5 3.00 600 50 50

The method had a nominal concentration range from 10.0 to 
10,000 ng/mL with dilutional linearity established up to a 20-fold di-
lution. Inter-assay accuracy (≤8%) and precision (≤4%) were well within 
assay acceptance criteria. PK parameters were calculated using noncom-
partmental analysis (WinNonlin version 8.3).

Dose proportionality for Cmax and AUC values were assessed using 
the power model Y = a*(dose)b where Y is the PK parameter and a and 
b are the coefficient and exponent, respectively, of the power equation. 
Inferential statistics (food effect and dose proportionality) were per-
formed using SAS v.8.4. PK Tables and Figures were generated using 
Phoenix® WinNonlin® v.8.3 and third-party reporting tools, including 
Microsoft® Office 365.

For analysis of the food effect of MZE001, the PK parameters 
AUC0-∞ and Cmax were log-transformed and then analyzed using a 
mixed model. Least squares (LS) mean values were calculated for these 
PK parameters for the fed and fasted treatments, and the differences 
between the fed and fasted treatments were calculated. The residual 
variance from the mixed model was used to calculate the 90% and 95% 
CIs for the difference between the fed and fasted treatments. These 
values were then back transformed to give geometric LS means, a point 
estimate, and 90% and 95% CIs for the ratio of the fed treatment rela-
tive to the fasted treatment.

Analysis of PBMC glycogen. PBMCs were isolated and stored fro-
zen until analysis. Thawed samples were deemed suitable for analysis 
if they showed no evidence of red blood cell contamination. Sample 
preparation and analysis were performed following a qualified assay 
procedure that followed the manufacturer’s instructions of the 
Promega® Glucose-Glo Detection Assay. See Supplemental Methods 
for detailed methodology. For descriptive analyses, the cohort vari-
ables, the number of subjects, mean, and standard deviation (SD) 
were presented. For inferential statistical analysis, the median differ-
ence of each treatment cohort was compared to the pooled placebo 
and P-value was estimated using a rank ANCOVA model including 
factors for treatment group with associated ranked baseline value as 
a covariate; ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. To exam-
ine the PK/PD relationship between MZE001 and PBMC glycogen, 
corresponding individual data (AUC 0–24 hour*ng/mL vs. % change 
glycogen) are plotted and the data fit to a 3-parameter nonlinear re-
gression analysis; R2 value of .4997. The fit of that line is shown with 
95% confidence intervals bracketing the curve fit.

Analysis of urinary HEX4. Concentrations of the urinary biomarker 
HEX4 (GLCα1-6Glcα1-4Glcα1-4Glc) were measured and ranged 
from 0.05 to 20 μM. The validated method for detection of HEX4 
in healthy individuals was adapted from a clinically validated 
method and was designed to increase the sensitivity of the assay.17 
See Supplemental Methods for detailed methodology. For descriptive 
analyses, the cohort variables, the number of subjects, median value 
with upper and lower quartiles are defined, and whiskers illustrate the 
min-max values. To evaluate whether the cohort means are different, a 
one-way ANOVA test was applied to the data which showed no signif-
icant difference in group means.

Analysis of total muscle glycogen. A sample of ~10 mg of frozen 
human skeletal muscle tissue was weighed and then homogenized in a 
lysis buffer. Sample preparation and analysis then utilized a qualified 
assay procedure for human muscle lysate that followed the same proto-
col as for PBMC glycogen analysis. Given the small (N) of this study, 
only descriptive analyses were applied to visualize the number of subjects, 
mean, and standard deviation (SD).

Oral heavy isotope-labeled glucose administration and muscle 
biopsy. D-Glucose-13C6 was manufactured for clinical grade human 
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consumption by Cambridge Isotope Labs. The heavy isotope-labeled oral 
glucose solution was formulated on the day-of administration by the clinical 
pharmacist by combining 60 g unlabeled glucose and 40 g D-Glucose-13C6 
in water. Glucose solution was administered in a fasted state in the morning. 
Two hours after the glucose administration, local anesthetic (2% lidocaine 
without epinephrine) was administered followed by 14-gauge core needle 
biopsies were performed on the quadricep muscle. Detailed description of 
study drug and biopsy timing can be found in the Supplemental Methods. 
Given the small (N) of this study, only descriptive analyses were applied to 
visualize the number of subjects, mean, and standard deviation (SD).

Analysis of muscle glycogen synthesis. The amount of 13C6 glucose 
incorporated into muscle glycogen was quantified using an LC–MS/MS 
assay. Tissue samples were weighed, an internal standard (D-Glucose-
13C6, 1,2,3,4,5,6,6-d7) added to the homogenization buffer, and then 
samples homogenized using a PreCellys bead homogenization kit 
followed by acid precipitation. Quantitation used tandem mass spec-
trometry comprised of a Waters Acquity BEH Amide column using an 
ammonium formate buffer with an acetonitrile gradient. The calibration 
curve range was from 100 to 500,000 ng/mL of the D-Glucose-13C6 in 
the surrogate matrix. Separately prepared quality control (QC) samples 
at three concentrations (750, 75,000, and 375,000 ng/mL) confirmed 
the acceptability of assay runs. However, as the standards and QCs could 
not be treated equivalently to the unknowns, the accuracy of the result 
is considered qualitative rather than quantitative. Given the small (N) of 
this study, only descriptive analyses were applied to visualize the number 
of subjects, mean, and standard deviation (SD).

Clinical statistical methods. All descriptive statistical analyses and in-
ferential statistical analysis for the safety analysis were performed using 
SAS software version 9.4. Detailed description of PK analyses can be 
found in the PK methods section. For continuous variables, the number 
of subjects, mean, standard deviation (SD), median, 25th (Q1) and 75th 
(Q3) percentiles, minimum, and maximum values were presented. For 
log-normal data (e.g., the PK parameters: areas under the concentration–
time curve (AUCs) and maximum observed concentration (Cmax)), the 
geometric mean and geometric coefficient of variation (CV%) are pre-
sented. Statistical analyses (descriptive and inferential) of exploratory 
biomarker data were performed using GraphPad Prism software; please 
see each respective clinical method section for data specific details.

Preclinical study assessments

Patient fibroblast cell culture and EC50. IOPD patient fibroblasts 
(Coriell: GM03329, GM00248 A, and GM13522) and healthy con-
trol fibroblasts (Coriell: GM05659 J, GM05565 C, and GM00302 C) 
were cultured and assayed as previously described.11 See Supplemental 
Methods for detailed protocol.

In vivo beagle dog studies. All applicable portions of the study con-
formed to the following regulations and guidelines regarding animal 
care and welfare under AAALAC International guidelines as reported 
in the Guide for the Care and Use of Laboratory Animals, National 
Research Council (2011) and The People’s Republic of China, Ministry 
of Science & Technology, “Regulations for the Administration of Affairs 
Concerning Experimental Animals,” 2017. Thirty-five beagle dogs were 
randomly assigned to eight groups based on body weight. The study was 
executed in two separate cohorts: vehicle, 10, 30, 75 mg/kg and vehicle, 
100, 300, 1,000 mg/kg. MZE001 (10, 30, 75, 100, 300 or 1,000 mg/kg 
QD) in vehicle (0.5% HPMC, 0.2% Tween 80 in water; 10 mL/kg QD) 
was administered for 7 consecutive days by oral gavage. Twenty-four 
hours after the final dose of MZE001 plasma, gastrocnemius muscle, 
and PBMCs were collected for PK and glycogen analyses. Plasma was col-
lected at intervals over the final 24 hour period. Using GraphPad Prism, 

plasma MZE001 CLast, AUC, and Cmax were calculated for each individ-
ual and then plotted against each corresponding PD response (PBMC 
glycogen, gastrocnemius muscle glycogen). Goodness-of-fit and R2 values 
determined that MZE001 plasma CLast had the highest correlation to 
the tissue and PBMC response. For glycogen analysis of PBMC and tis-
sue homogenates samples were prepared and assayed using the Promega 
Glucose-GloTM assay per the manufacturer’s instructions and following 
methods previously described.11 See Supplemental Methods for detailed 
methodology.

In vivo Pompe mouse glycogen synthesis studies. All mouse ex-
periments were performed in compliance with approved Institutional 
Animal Care and Use Committee (IACUC) protocols. Pompe (B6;129-
Gaatm1Rabn/J18) mice between 10 and 14 weeks old were purchased 
from Jackson Labs. MZE001 was formulated in vehicle (0.5% HPMC, 
0.2% Tween 80 in water). Study paradigm and sample preparation fol-
lowed methods previously described.11 See Supplemental Methods for 
detailed protocol.

Cultured human PBMC experiments. PBMCs were purchased from 
StemCell Technologies. Cultured cells were treated with MZE001 to 
assess ability to reduce glycogen. Briefly for the IC50 experiment pro-
tocol, after the culture treatment period cells were washed thoroughly 
with PBS, and all liquid was removed from wells. Cells were then imme-
diately lysed by the addition of 0.12 N hydrochloric acid in PBS followed 
by neutralization with Tris Buffer, pH 8.0. Lysates were either frozen at 
−80°C for later use or immediately processed for glycogen detection via 
the Promega Glucose-Glo™ assay per the manufacturer’s instructions. See 
Supplemental Methods for detailed protocol and table of cell lines used 
in the experiment.

Statistical analyses
All descriptive and inferential statistical analysis for the preclinical as-
sessments were performed using GraphPad Prism. Statistical compari-
son between the mean of two groups was evaluated using a two-tailed 
student’s t-test. Statistical comparison between the mean of a vehicle 
or placebo group vs. multiple dose cohorts was evaluated via a one-way 
ANOVA with Dunnett’s multiple comparison post hoc test. Statistical 
comparison between the mean of three or more groups to each other was 
evaluated via a one-way ANOVA with Tukey’s multiple comparison post 
hoc test. To determine the EC50 or ID50 values, data were fit to a nonlin-
ear curve using a four-parameter variable slope.

RESULTS
Participant demographics and disposition
A total of 56 subjects were randomized in the single ascending 
dose (SAD) portion of the study to receive either MZE001 or pla-
cebo. All but one subject, who received 60 mg QD MZE001 dose, 
completed the study. The withdrawal was for non-compliance. A 
total of 65 subjects were randomized in the multiple ascending 
dose (MAD) portion of the study to receive either MZE001 or 
placebo. All but one subject who received MZE001 480 mg BID 
(MAD portion), and two subjects who received placebo, com-
pleted the study. The withdrawal for the MZE001-treated subject 
was investigator judgment, and for the placebo subjects, the reason 
was withdrawal of consent. Demographics for the SAD and MAD 
portion of the study are shown in Table 1.

Overview of safety
SAD and MAD safety results are presented in Table 2. No serious 
adverse events (SAEs) were reported in either the SAD or MAD 
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portion of the study. Of the Treatment-Emergent Adverse Events 
(TEAEs), 25 were mild, two were moderate, and none were severe. 
There was no evidence of a relationship between the frequency of 
TEAEs and MZE001 dose as shown in Table 2 where only a sin-
gle TEAE was deemed MZE001-related in the SAD cohorts and 
none in the MAD cohorts. Changes in chemistry, hematology, 
and lipid parameters from baseline at Day 1, 6 hours post-dose to 
Day 5 were generally comparable across dose levels in the SAD co-
horts. There were similarly no changes in any of these parameters 
from baseline to Day 15 in the MAD portion of the study across 

dose levels. A total of five subjects in the SAD portion experienced 
TEAEs associated with abnormal coagulation laboratory values; 
however, these were subsequently attributed to laboratory error 
and were normal on repeat. There were no changes in vital signs 
from baseline to either Day 5 (SAD) or Day 15 (MAD) across dose 
cohorts. No changes in exercise tolerance were observed for sub-
jects in MAD cohorts who participated in the treadmill test.

Changes in ECG values from baseline through Day 5 (SAD) 
or Day 15 (MAD) were comparable across treatment cohorts. 
In the SAD portion of the study six subjects (two subjects in the 
MZE001 60 mg QD cohort, two subjects in the MZE001 120 mg 
QD cohort, one subject in the MZE001 480 mg QD cohort, and 
one subject in the 480 mg BID cohort) had a QTcF interval maxi-
mum postbaseline value >450 milliseconds. However, no subjects 
had a QTcF change >60 milliseconds or QTcF interval >480 mil-
liseconds. In the MAD cohort, changes in ECG values from base-
line through day 15 were comparable across treatment cohorts. 
Two subjects (one subject in the placebo cohort and one subject 
in the 720 mg cohort) had a QTcF interval maximum postbaseline 
value >450 milliseconds; however, no subjects had a QTcF change 
>60 milliseconds or QTcF interval >480 milliseconds.

Summary of MZE001 pharmacokinetic (PK) results 
following single and multiple oral dose administration
In the single ascending dose study, the median Tmax values ranged 
from 2.5 to 4.5 hours. The geometric mean Cmax increased at 
each dose level, except between the 240 and 480 mg dose levels. 
The 480 mg QD dose had a single subject with a Cmax value of 
57.7 ng/mL that was an outlier. AUC0-∞ was only slightly larger 
than AUC0-last in most cohorts (Table 3; Figure S1), indicating 
plasma concentration timepoints that captured exposure com-
pletely. Apparent total plasma clearance (CL/F) was also consis-
tent across all dose levels, again except for the 480 mg QD dose, 
where the apparent outlier altered the overall results. The appar-
ent volume of distribution (Vz/F) was similar across doses starting 
at the 30 mg QD dose, with the 10 and 480 mg QD doses having 
slightly lower and higher Vz/F, respectively, the latter due to the 
outlier noted above. The elimination half-life (t1/2) ranged from 
10 to 12.5 hours. The graph showing the plasma concentrations 
over time (Figure S1) indicates both a distribution and elimina-
tion phase.

Table 1  Participant demographics and baseline 
characteristics

SAD participants 
(n = 56)

MAD participants 
(n = 65)

Age

Year, mean (SD) 35.8 (8.08) 36.8 (9.50)

Sex

Female 13 (23.2%) 23 (35.4%)

Male 43 (76.8%) 42 (64.6%)

Race

American Indian or 
Alaska Native

1 (1.8%) 1 (1.5%)

Asian 7 (12.5%) 4 (6.2%)

Black or African 
American

18 (32.1%) 24 (36.9%)

Native Hawaiian or 
other Pacific Islander

1 (1.8%) 4 (6.2%)

Other — 1 (1.5%)

White 29 (51.8%) 31 (47.7%)

Ethnicity

Hispanic or Latino 15 (26.8%) 17 (26.2%)

Not Hispanic or 
Latino

41 (73.2%) 48 (73.8%)

Body weight

Kg, mean (SD) 80.8 (13.9) 80.6 (14.0)

BMI

kg/m2, mean (SD) 26.0 (3.0) 26.0 (3.6)

Table 2  Overview of adverse events

SAD placebo N = 14 
n (%)

SAD MZE001 treated 
N = 42 n (%)

MAD placebo N = 19 
n (%)

MAD MZE001 treated 
N = 46 n (%)

Any TEAE 3 (21.4%) 10 (23.8%) 5 (26.3%) 18 (27.7)

Any dose-limiting toxicity 0 0 0 0

TEAE by maximum severity

Mild 3 (21.4%) 9 (21.4%) 4 (21.1%) 17 (26.2)

Moderate 0 1 (2.4%) 1 (5.3%) 1 (1.5)

Severe 0 0 0 0

TEAE by closest relationship to study drug

Related 0 1 (2.4%) 0 0

Not related 3 (21.4%) 9 (21.4%) 5 (26.3%) 18 (27.7)
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In the MAD portion of the study, the lowest administered 
dose was 10 mg QD of MZE001. All other dose groups received 
twice daily doses of MZE001, with the second dose administered 
10 hours after the first dose. Because the dose was administered 
at 10 hours rather than 12 hours, the Cmax values for most sub-
jects were after the second of the two daily doses on Day 1. By 
day 10, when subjects were at steady-state exposure levels, Cmax 
values remained similar to that of day 1 after the second daily 
dose for most subjects, possibly due to fluctuation after achieve-
ment of steady state levels. The median Tmax for all BID cohorts 
on day 1 was ~3 hours after the last dose (Table 4; Figure S2). 
The geometric mean Cmax values increased as the dose increased 
for all dose cohorts on day 1 and day 10 (Table 4; Figure S2). 
The accumulation ratios (RA) for Cmax were greater than 1.0 for 
doses up to 240 mg BID and less than 1.0 for the 480 mg and 
720 mg BID doses.

Exposures were compared by examining the geometric mean 
AUC0-24 values on Day 1 and day 10 across all doses (Table 4; 
Figure S2). On both day 1 and day 10, AUC0-24 values increased 
as the doses increased. On day 10, the RA for AUC0-24 was slightly 
greater than 1.0 for all doses except the 720 mg BID dose. At the 
480 and 720 mg BID dose levels, the AUC0-24 values on day 10 
were ~ equivalent to those observed on day 1. The apparent plasma 
terminal elimination half-lives (t1/2) observed on day 10 were close 
to those observed in the SAD portion, with a median value of 
nearly 10.4 hours at 10 mg QD. The range of elimination half-lives 
was similar to the SAD portion, between 10 and 12 hours. In the 
SAD portion of the study, the geometric mean Cmax values were 
close to dose proportional, except for the 480 mg QD cohort, 
which had one subject with very low exposure that affected the 
geometric mean. The geometric mean AUC0-24 values also were 
close to dose proportional throughout the dose range, including 
the 480 mg BID dose. On day 1 in the MAD portion of the study, 

the Cmax values were close to dose proportional up to the 120 mg 
BID dose, and then slightly less than dose proportional at the 
highest dose of 720 mg BID (Table 4; Figure S2). On day 10, Cmax 
values were close to dose proportional as the BID doses increased 
from 30 to 240 mg. The Cmax values increased at the two highest 
dose levels, 480 and 720 mg BID, but the increases were less than 
dose proportional. The dose proportionality assessment (Tables 3 
and 4) indicated that Cmax was less than dose proportional. The 
dose proportionality assessment as tested by the slopes of AUC0-∞ 
(SAD) and AUC0-24 (MAD) indicated that exposure was dose 
proportional over the dose ranges studied.

The effect of food on MZE001 PK was evaluated in the SAD 
portion of the study at the 60 mg QD dose. Subjects who received 
the 60 mg QD dose in the SAD portion of the study in the fasted 
state returned after 3 weeks to receive the same 60 mg QD dose 
after having a high-fat breakfast. No significant difference between 
the Cmax or AUC0-∞ was found for subjects in the fed or fasted state 
(Table 3).

Generation of MZE001 PK/PD biomarker hypotheses using 
preclinical models
To design a FIH study protocol to effectively explore healthy 
human PK/PD for MZE001, multiple preclinical translational 
studies were conducted. These studies were designed to answer 
three questions: (i) what is the predicted potency of MZE001 in 
healthy human and Pompe disease cell lines, (ii) are glycogen levels 
in PBMCs a sensitive biomarker for GYS1 inhibition driven by 
MZE001, and (iii) is there a relationship between MZE001 expo-
sure, PBMC glycogen, and skeletal muscle glycogen?

The potency of MZE001 to reduce glycogen accumulation was 
investigated in primary human fibroblast cells from healthy donors 
and patients with Pompe disease (Figure 1a). MZE001 is effective 
at reducing glycogen stores in both healthy donors (Figure 1a left 

Table 3  Summary of pharmacokinetic parameters—single ascending dose

Parameter 
(Geometric 
mean 
(geometric 
CV%);N)a

MZE001 SAD

10 mg QD 30 mg QD
60 mg QD 

Fasted
60 mg QD  

Fed 120 mg QD 240 mg QD 480 mg BID 480 mg QD

AUC0-24 
(hour*ng/mL)

767 (8.1);4 2,120 
(25.0);6

4,190 
(33.6);6

3,820 
(56.5);6

6,770 
(20.4);6

16,100 
(14.7);6

59,700 
(20.3);6

11,500 
(227.9);6

AUC0-last 
(hour*ng/mL)

625 (34.0);6 2,410 
(32.1);6

5,260 
(53.2);6

4,630 
(65.0);6

9,210 
(30.8);6

24,400 
(26.6);6

98,500 
(22.6);6

15,400 
(300.6);6

AUC0-∞ 
(hour*ng/mL)

958 (11.3);4 2,730 
(25.0);6

5,720 
(50.5);6

5,450 
(62.2);5

10,300 
(28.3);5

24,700 
(26.5);6

99,200 
(22.5);6

24,700 
(75.1);4

Cmax (ng/mL) 75.1 (24.2);6 206 (32.2);6 369 (21.9);6 370 (64.7);6 544 (13.2);6 1,230 (17.3);6 4,670 (21.0);6 907 (245.2);6

Tmax (hours) 2.5 
(1.5–3.2);6

2.6 
(1.2–6.4);6

3.1 
(1.5–6.2);6

4.5 
(3.0–6.1);6

3.1 
(2.2–6.2);6

2.1 
(1.0–6.2);6

13.0 
(12.0–14.0);6

3.0 
(3.0–12.0);6

t1/2 (hours) 9.98 (10.4);4 10.6 (36.5);6 11.0 (41.4);6 10.7 (51.5);5 12.5 (20.8);5 11.3 (28.8);6 11.6 (10.6);6 10.9 (22.2);4

CL/F (L/hour) 10.4 (11.3);4 11.0 (25.0);6 10.5 (50.5);6 11.0 (62.2);5 11.7 (28.3);5 9.71 (26.5);6 9.68 (22.5);6 19.4 (75.1);4

Vz/F (L) 150 (3.7);4 168 (39.1);6 166 (20.4);6 171 (74.4);5 210 (22.0);5 159 (15.0);6 162 (19.8);6 304 (55.2);4

AUC0-24, area under the plasma concentration–time curve from dosing (time zero) to the 24-hour timepoint; AUC0-last, area under the concentration–time curve 
from dosing (time zero) to the last quantifiable concentration timepoint; AUC0-∞, area under the concentration–time curve from time zero extrapolated to infinity; 
BID, twice daily; CL/F, apparent total plasma clearance; Cmax, maximum concentration; CV%, coefficient of variation percent; QD, once daily; Tmax, time to the 
maximum measured concentration; t1/2, apparent plasma terminal elimination half-life; Vz/F, apparent volume of distribution. aAll parameters are geometric mean 
(geometric CV%);N except for Tmax, which is median (min; max);N.
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panel, Figure S3A) and Infantile Onset Pompe Disease (IOPD) fi-
broblasts (Figure 1a middle panel, Figure S3A). IOPD fibroblasts 
accumulated up to three times the level of glycogen as healthy 
donor cells (Figure 1a right panel) and while the percent reduc-
tion in glycogen is smaller than in healthy cells, the calculated EC50 
value for healthy and IOPD cell lines is similar (225 nM Healthy, 
298 nM IOPD).

These cellular potency findings were confirmed with 
in  vivo studies with the Pompe mouse model (GAA KO, B6; 
129-Gaatm1Rabn/J18). We evaluated dose-dependent glycogen 
synthase inhibition in gastrocnemius muscle from Pompe mice 
using a 13C6-glucose tracer assay (Figure S3C). This study demon-
strated that oral administration of MZE001 resulted in a dose-
dependent reduction in gastrocnemius muscle glycogen in Pompe 
model mice with an ID50 of ~2 mg/kg (Figure 1b).

Multiple research groups have documented glycogen rich vac-
uoles in PBMCs collected from patients with Pompe disease and 

have shown reduction in glycogen staining post treatment with 
ERT.19–22 We hypothesized that quantitation of glycogen in circu-
lating blood cells could serve as a biomarker for MZE001 target en-
gagement in healthy subjects and patients with Pompe disease. To 
evaluate this hypothesis, three preclinical models were evaluated. 
First, wild-type (WT) and Pompe mice (GAA KO) were treated 
with vehicle or MZE001 for 7 days and upon termination of the 
study, PBMCs were isolated for analysis of cellular glycogen stores. 
In this study PBMCs from Pompe mice had on average ~1.5X 
accumulation of glycogen relative to WT controls (2,197 ng/mL 
GAA KO, 1,411 ng/mL WT) and MZE001 significantly reduced 
glycogen in PBMCs in mice of both genotypes (Figure 1c). We 
next sought to determine if PBMCs from healthy human donors 
would exhibit dose-dependent reduction in glycogen upon treat-
ment with MZE001. Using a 24-hour culture treatment paradigm 
(Figure S3D), the PBMC glycogen dose response to MZE001 
was evaluated in multiple healthy donor PBMC lines (Figure 

Table 4  Summary of pharmacokinetic parameters—multiple ascending dose

Parameter 
(Geometric 
mean 
(geometric 
CV%);N)a

MZE001 MAD

10 mg QD 30 mg BID 60 mg BID 120 mg BID 240 mg BID 480 mg BIDb 720 mg BID

Day 1

AUC0-24 
(hour*ng/mL)

792 (25.8);3 3,510 (10.3);5 7,810 (24.3);6 12,100 
(23.6);6

26,400 (32.8);6 51,600 
(31.5);10

75,600 (21.6);6

Cmax (ng/mL) 58.5 (27.2);6 285 (17.5);6 702 (20.9);6 1,080 (31.7);6 2,030 (29.3);6 4,120 (39.7);10 6,530 (24.9);6

Tmax (hours)c 3.0 (2.0–6.0);6 2.9 (2.0–6.0.);6 3.0 (3.0–3.0);6 2.3 (1.0–3.0);6 3.3 (3.0–4.0);6 3.2 
(2.0–6.0);10

3.5 (3.0–4.0);6

t1/2 (hours) 9.89 (16.6);3 7.63 (21.3);5 8.09 (31.3);6 8.30 (21.0);6 10.9 (33.1);4 9.97 (14.2);4 17.4 (52.0);3

CL/F (L/hour) 10.1 (31.0);3 13.2 (17.4);5 11.3 (33.4);6 14.5 (31.4);6 10.6 (58.2);4 12.1 (43.2);4 8.81 (43.2);3

Vz/F (L) 144 (15.7);3 146 (12.0);5 132 (21.8);6 174 (20.4);6 168 (24.0);4 174 (41.5);4 222 (15.8);3

Day 10

AUC0-24 
(hour*ng/mL)

830 (28.5);4 4,160 (27.1);6 9,710 (43.7);6 15,500 
(18.2);6

33,900 (29.3);6 58,400 
(21.7);10

75,400 (33.5);6

AUC0-last 
(hour*ng/mL)

650 (45.8);6 5,370 (37.4);6 13,500 (59.0);6 21,700 (22.9);6 51,500 (38.9);6 86,800 
(26.1);10

115,000 
(44.2);6

AUC0-∞ 
(hour*ng/mL)

1,050 (33.0);4 5,750 (37.2);6 13,800 (58.4);6 22,100 (22.4);6 52,100 (38.8);6 88,500 (27.7);9 116,000 
(44.7);6

Cmax (ng/mL) 68.8 (22.9);6 304 (29.3);6 708 (30.9);6 1,100 (13.3);6 2,330 (30.4);6 3,880 (19.8);10 5,230 (18.5);6

Cmin (ng/mL) 7.95 (128.7);6 90.9 (36.7);6 223 (55.4);6 352 (14.9);6 848 (34.6);6 1,260 (34.5);10 1,730 (75.9);6

Tmax (hours)c 3.0 (2.0–3.1);6 2.0 (1.0–3.0);6 2.3 (0.1–4.0);6 2.4 (2.0–3.0);6 2.3 (1.0–4.0);6 3.4 (3.0–6.0);10 3.1 (2.0–6.0);6

t1/2 (hours) 10.4 (13.4);4 9.81 (38.5);6 10.3 (33.1);6 10.1 (18.7);6 12.0 (11.7);6 12.5 (49.8);9 12.6 (30.3);6

CL/F (L/hour) 15.4 (45.8);6 11.2 (37.4);6 8.87 (59.0);6 11.1 (22.9);6 9.33 (38.9);6 11.1 (26.1);10 12.6 (44.2);6

Vz/F (L) 181 (24.3);4 158 (17.1);6 132 (42.6);6 161 (20.2);6 162 (27.2);6 198 (58.9);9 228 (29.0);6

RA AUC0-24 1.08 (21.0);3 1.17 (20.6);5 1.24 (39.7);6 1.28 (25.8);6 1.28 (36.3);6 1.13 (23.4);10 0.997 (47.7);6

RA Cmax 1.18 (13.0);6 1.07 (30.8);6 1.01 (33.1);6 1.02 (35.5);6 1.15 (44.3);6 0.942 (26.5);10 0.801 (33.1);6

Cavg (ng/mL) 34.6 (28.5);4 173 (27.1);6 405 (43.7);6 644 (18.2);6 1,410 (29.3);6 2,430 (21.7);10 3,140 (33.5);6

AUC0-24, area under the plasma concentration–time curve from dosing (time zero) to the 24-hour timepoint; AUC0-last, area under the concentration–time curve 
from dosing (time zero) to the last quantifiable concentration timepoint; AUC0-∞, area under the concentration–time curve from time zero extrapolated to infinity; 
BID, twice daily; CL/F, apparent total plasma clearance; Cmax, maximum concentration; CV%, coefficient of variation percent; QD, once daily; RA, accumulation 
ratio; Tmax, time to the maximum measured concentration; t1/2, apparent plasma terminal elimination half-life; Vz/F, apparent volume of distribution. aAll 
parameters are geometric mean (geometric CV%);N except for Tmax, which is median (min; max);N. bParameters for the 480 mg BID dose includes those from 
cohorts 6 and 9. cTmax is time of maximum plasma concentration.
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S3B). Cultured PBMCs from five individuals exhibited a range of 
MZE001 EC50 potency values from 68 to 1,067 nM (Figure S3B), 
which was consistent with the observed Pompe patient fibroblast 
EC50 values (Figure 1a; Figure S3A).

We then determined the relationship between MZE001 expo-
sure, PBMC glycogen, and skeletal muscle glycogen in beagle dogs 
to evaluate the effect of once daily administration of MZE001 
for 7 days compared to a vehicle control group (Figure 1d,e). In 
dogs, PBMC glycogen exhibited a robust, dose-dependent reduc-
tion in glycogen over multiple doses of MZE001 ranging from 
10 to 1,000 mg/kg (Figure 1d). This dose response was also seen 
in gastrocnemius muscle from the same animals albeit with a 
higher threshold for response relative to that in PBMCs (75 mg/

kg gastrocnemius, 30 mg/kg PBMC) (Figure 1e). Taken together, 
these preclinical studies demonstrated that MZE001 elicits a dose-
dependent reduction in PBMC glycogen across multiple relevant 
models that correlates to change in skeletal muscle glycogen.

MZE001 FIH pharmacodynamic (PD) biomarker studies
MZE001 is the first glycogen substrate reduction therapy tested 
in human beings. As such, it was desirable to quantify the PD im-
pact of GYS1 inhibition by MZE001 on biomarkers for glycogen 
as early as possible in clinical development. Three separate PD 
studies evaluated the impact of MZE001 on the blood biomarker 
PBMC glycogen, glycogen synthesis, total glycogen levels in skel-
etal muscle samples obtained via core needle biopsies, and on the 

Figure 1  “Generation of MZE001 PK/PD Biomarker Hypotheses using Preclinical Models.” (a) MZE001 EC50 reduction in accumulated total 
glycogen stores over 7-day treatment in (left panel) healthy donor fibroblasts and (center panel) Pompe donor fibroblasts (100 corresponding 
to the average glycogen content in DMSO-treated condition), and levels of glycogen accumulation at baseline in the two cell types (right panel, 
glycogen assay relative light unit aka RLU) data are presented as means ± SD; N = 3 experiments, right panel student’s t-test *P < 0.05. (b) 
MZE001 in vivo inhibition of glycogen synthesis in Pompe mice gastrocnemius, N = 12 mice, mean ± SD, one-way ANOVA with Dunnett’s post 
hoc test *P < 0.05, ***P < 0.001, ****P < 0.0001. (c) PBMC glycogen from WT and Pompe mice dosed with MZE001 for 7 days, N = 7–10 
mice, mean ± SD, one-way ANOVA, Tukey’s post hoc test *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (d) Beagle dog PBMC glycogen 
in response to 7-day dose-dependent MZE001 QD treatment, n = 4–8, mean ± SD one-way ANOVA Dunnett’s post hoc test ns P > 0.05, 
***P < 0.001, ****P < 0.0001. (e) Beagle dog gastrocnemius glycogen in response to 7-day dose-dependent MZE001 QD treatment, n = 4–8, 
mean ± SD one-way ANOVA Dunnett’s post hoc test nsP > 0.05, **P < 0.01, ****P < 0.0001.
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Pompe disease biomarker urinary HEX4. Figure 2a illustrates 
the study design for collection of urine and blood samples from 
healthy subjects to facilitate biomarker analyses.

Similar to results from preclinical studies, PBMC glycogen 
levels demonstrated a robust treatment response to MZE001 in 
healthy subjects from the MAD cohort (Figure 2b). PBMCs were 
collected from fasted subjects to limit variance from post-prandial 
blood glucose fluctuations (Figure 2a). MZE001 doses above 
120 mg resulted in significant reduction in PBMC glycogen stores 
(Figure 2b). There was a clear reduction of PBMC glycogen in 
response to MZE001 exposure levels (Figure 2c). These data di-
rectly demonstrate that MZE001 effectively inhibits glycogen syn-
thesis in cells of healthy individuals within 10 days of dosing and 
highlight PBMC glycogen as a useful biomarker to investigate the 
response to GYS1 substrate reduction therapy.

MZE001 muscle biopsy cohort sub-study
A muscle biopsy sub-study was designed as part of the first-in-
human trial to test two objectives: (i) determine change in mus-
cle glycogen synthesis from baseline to day 10, and (ii) determine 
change in total muscle glycogen from baseline to day 10. Preclinical 
studies indicated that inhibition of GYS1 at levels of ~65% inhi-
bition (protein adjusted efficacy concentration, paEC65) were suf-
ficient to normalize glycogen levels in the Pompe mouse.11 The 
480 mg dose was selected based on exposures observed in healthy 
subjects treated with 480 mg that demonstrated steady state Ctrough 
at or above the estimated paEC65 (Figure S2C).

Eight healthy subjects were randomized 1:1 to either placebo 
or 480 mg MZE001. In healthy individuals, a bolus of ingested 
glucose stimulates insulin secretion which subsequently drives glu-
cose uptake into muscle cells and triggers muscle glycogen synthe-
sis.23 Coupling this physiological response with ingestion of heavy 
isotope-labeled glucose enabled monitoring of glycogen synthesis 
in the healthy subjects (Figure 3a). Per the statistical analysis plan, 
inferential statistics were not applied to these data given the small 
number of individuals in the cohort. The results of the descriptive 
statistical analysis are shown in Figure 3b. Placebo subjects had 
a mean change from baseline of 108%, and subjects treated with 
480 mg MZE001 a mean reduction in glycogen synthesis of −64%.

The second objective of the sub-study was to determine the 
change in total muscle glycogen between baseline and Day 10. 
Analysis of total glycogen stores from quadricep muscle biopsy 
samples shown in Figure 3c and the results demonstrate that 
MZE001 480 mg treatment for 10 days leads to a mean reduction 
of skeletal muscle glycogen by −41% in healthy individuals com-
pared to a mean −1% reduction in skeletal muscle glycogen in the 
placebo-treated subjects.

Urinary HEX4 is a glucose tetrasaccharide and breakdown 
product of glycogen that has been used as clinical and diagnostic 
biomarker for patients with Pompe disease for over 15 years.24 First 
morning void urine samples were collected pre-treatment on day 
1 and day 10 from all participants in the multiple ascending dose 
study for MZE001. No treatment effect on HEX4 was observed at 
any dose of MZE001 (Figure S3E).

Figure 2  “MZE001 MAD PBMC Glycogen Results.” (a) MAD cohort study design with fluid biomarker collections illustrated. (b) Percent change 
in PBMC glycogen levels on day 10 relative to day 1 in MAD BID study cohorts: pooled placebo and MZE001 doses 30–720 mg BID, data 
plotted are mean ± SD. The median difference of each treatment cohort was compared to the pooled placebo and P-value was estimated 
using a rank ANCOVA model including factors for treatment group with associated ranked baseline value as a covariate; nsP > 0.05, *P < 0.05, 
**P < 0.01, ***P < 0.001. (c) Individual exposure data MZE001 AUC0-24 hour*ng/mL assessed on day 10 plotted against PBMC glycogen 
change from baseline, three parameter nonlinear regression curve fit line with 95% confidence intervals plotted.
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Finally, glucose handling at baseline and day 10 was evaluated 
to understand whether chronic reduction in muscle glycogen syn-
thesis would impact whole body glucose handling. Blood glucose 
and insulin levels were monitored over the 3-hour period post ad-
ministration of the 100-gram oral glucose solution (Figure 3d). 
No effect on blood glucose or insulin area under the curve was 
observed for subjects treated with 480 mg MZE001 for 10 days 
(Figure 3e,f).

DISCUSSION
In the FIH clinical trial, the data demonstrate that MZE001 was 
well-tolerated at all doses through 720 mg BID for 10 days in 
healthy subjects. There were no dose-dependent findings in clin-
ical laboratory tests, vital signs, EKGs, nor change in exercise tol-
erance as reported by treadmill tests. The muscle biopsy sub-study 
utilized a glucose tolerance test paradigm which allowed for a di-
rect assessment of glucose handling in the context of 10-day dosing 
of MZE001, 480 mg BID. These data demonstrated no impact of 
MZE001 on glucose or insulin AUC in response to the 100-gram 
oral glucose solution, confirming laboratory safety tests which 
found no change in basal glucose or insulin across subjects in the 
SAD and MAD. While reduced muscle glycogen synthesis can 
contribute to the development of insulin resistance in patients with 
type 2 diabetes,25 the results of this study suggest that those obser-
vations are specific to the physiological context of type 2 diabetes 
and not necessarily translatable to all conditions where muscle gly-
cogen synthesis is chronically reduced. In total, the safety profile of 
MZE001 in healthy adults is supportive of advancement to studies 
in patients with Pompe disease.

The exposure profile of MZE001 also demonstrated favorable 
pharmacokinetic properties. Following oral dosing, MZE001 was 
rapidly absorbed with approximately dose-proportional increases 
in exposure as assessed by AUC, with low inter-subject PK vari-
ability. The plasma half-life of MZE001 was ~10–12 hours which 
is potentially appropriate for once or twice daily dosing. MZE001 
demonstrated little to no exposure change when administered with 
a high-fat meal. Plasma concentrations of MZE001 reached steady 
state after ~4 days of BID dosing and reached levels thought to pro-
vide continuous 50% inhibition of Gys1 in the muscle (paEC50) 
with 240 mg BID doses. This level of inhibition was determined in 
preclinical studies to be the minimum required for observation of 
a therapeutic benefit in preclinical models.

Clinical investigation of the MZE001-mediated modula-
tion of glycogen synthesis required the development of novel 
biomarkers to serve as sensitive surrogates. Pompe patient 
PBMCs have been described to contain glycogen rich vacu-
oles.19,21,22 Several preclinical studies were conducted with 
MZE001 to explore the use of PBMC glycogen as a sensitive 
target engagement biomarker. MZE001 was found to be a po-
tent inhibitor of glycogen synthesis in PBMCs from mice and 
dogs, as well as cultured healthy human PBMCs. Importantly, 
the observed EC50 potency of MZE001 in cultured healthy 
human PBMCs was in the same range as values from fibro-
blasts derived from patients with Pompe disease, suggesting 
that MZE001 may have similar cellular potency in patients. 
In beagle dogs, MZE001 dose-dependently reduced PBMC 

glycogen. This finding was very similar to the dose response 
observed in gastrocnemius muscle from the same dogs. This 
preclinical observation suggested PBMC glycogen as a poten-
tial clinical biomarker to reflect changes in skeletal muscle, the 
target tissue for patients with Pompe disease. In the MAD co-
horts, data demonstrated a robust dose-dependent reduction 
in PBMC glycogen in healthy subjects treated with MZE001 
doses of 120 mg and above supporting the conclusion that 
PBMC glycogen is a robust and sensitive biomarker for GYS1 
inhibition in humans.

Evaluating MZE001 target engagement in skeletal muscle 
was a key objective of the exploratory PD studies. 13C6-glucose 
experiments were conducted first in mouse models to relate the 
reduction of total glycogen to the percent inhibition of glyco-
gen synthase occurring in the tissue. These protocols were then 
adapted to application in the clinical setting. The clinical pro-
tocol drew inspiration from magnetic resonance spectroscopy 
studies that utilized 13C6-glucose infusions to monitor in real 
time the incorporation of the heavy isotope-labeled glucose into 
newly synthesized glycogen.23,26,27 The muscle biopsy sub-study 
combined oral administration of a 100-gram heavy isotope-
labeled glucose solution coupled with a core needle skeletal mus-
cle biopsy, a method that limits the pain as well as minimizes the 
risk of side effects for subjects relative to highly invasive tradi-
tional open surgical biopsy.28–30 Development of a highly sensi-
tive LC–MS/MS assay enabled quantification of 13C6-glycogen 
from less than 10 mg of quadricep tissue, the equivalent size to a 
grain of rice. The PD results from the muscle biopsy sub-study 
were consistent with observations from preclinical data.11 The 
480 mg BID dose of MZE001 led to stable trough exposures at 
~paEC65 which was shown in preclinical data to inhibit newly 
synthesized glycogen by ~65%. The mean reduction in muscle 
glycogen synthesis in the subjects treated with MZE001 (480 mg 
BID) was found to be −64%, an observation consistent with the 
results from the preclinical studies. It is interesting to consider 
the observation that the placebo group in this study showed a 
mean increase in labeled glycogen to 108% at day 10 vs. baseline. 
One interpretation of the results is that the turnover of newly 
synthesized glycogen in healthy individuals, not participating 
in strenuous exercise, occurs over many days; an intriguing and 
important scientific question that warrants further research. 
There is considerable research investigating the half-life of gly-
cogen granules post-exercise which has concluded that glycogen 
can be degraded very rapidly31 but the half-life of muscle gly-
cogen in individuals that are sedentary, or with Pompe disease, 
is poorly understood. If the increased change from baseline for 
the placebo group is accounted for in the interpretation of the 
full dataset, a ~65% reduction may underestimate the level of 
glycogen inhibition occurring upon treatment with MZE001 
480 mg BID at the measured timepoint. Furthermore, the mean 
−41% reduction in total glycogen levels upon MZE001 480 mg 
BID achieved in quadricep muscle over a 10-day period aligned 
with preclinical results and provide a robust demonstration of 
proof of mechanism for the GYS1 SRT therapeutic hypothesis to 
safely and substantially lower muscle glycogen stores after only 
10 days treatment with MZE001. The percent reduction also 
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Figure 3  “MZE001 480 mg BID muscle biopsy cohort study design and results.” (a) Study design schema for the muscle biopsy cohort. (b) 
Glycogen synthesis quantified in muscle biopsy samples by incorporation of 13C6-glucose into glycogen, four placebo: four MZE001 480 mg 
BID subjects, mean change from baseline value day 10/day 1 ± SD. Gray circle in 3B indicates subject that only received day 1 13C6−glucose 
oral solution, day 10 glucose was 100-gram unlabeled. (c) Total glycogen in muscle biopsy samples, four placebo: four MZE001 480 mg BID 
subjects, mean change from baseline value day 10/day 1 ± SD. (d) Study schema illustrating collections to support blood glucose handling 
analysis in the muscle biopsy cohort. Glucose (e) and insulin (f) area under the curve on study days 1 and 10, four placebo: four MZE001 
480 mg BID subjects, mean AUC per subject ± SD.

correlated to the percent reduction in PBMC glycogen observed 
at the 480 mg BID dose, suggesting that PBMC glycogen may be 
a good surrogate biomarker for changes in muscle glycogen with 
treatment of MZE001.

Prior to this study, no reports had addressed the question of 
whether reducing glycogen synthesis in healthy adults would lead 
to a reduction in urine HEX4 levels. We observed changes in 
HEX4 in WT mice treated with MZE001; however, rodents have 
very different storage and utilization of glycogen across tissues 
relative to humans. It was therefore important to test this ques-
tion in the FIH study. The lack of pharmacodynamic response 
to MZE001 in urinary HEX4 levels was not unexpected. Unlike 
Pompe patients where the vast majority of HEX4 is derived from 
pathologically accumulated muscle glycogen,32 for healthy sub-
jects the low levels of HEX4 is a composite signal from unknown 
multiple sources in the body. The primary source of glycogen may 
very well be from the liver, which MZE001 does not target since 
it selectively inhibits GYS1 but not the liver isoform GYS2.

This FIH study completed a full evaluation of exposure re-
sponse for the investigational glycogen substrate reduction therapy 
MZE001. These data demonstrate Proof of Mechanism for glyco-
gen synthase 1 inhibition SRT as a potential well-tolerated ther-
apeutic approach to reduce glycogen stores in human beings and 
supports advancement of MZE001 to clinical studies in patients 
with Pompe disease.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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