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ease biology in AD. The primary clinical efficacy outcome was a global statistical test
ClinicalTrials.gov Identifier: NCTO3533257 combining three endpoints relevant to disease trajectory (cognition [Mild/Moderate
Alzheimer’s Disease Composite Score], function [Functional Activities Questionnaire],
and total hippocampal volume on magnetic resonance imaging). Secondary clinical
outcomes included various cognitive, functional, and neuropsychiatric assessments.

Cerebrospinal fluid (CSF) biomarkers spanning multiple pathophysiological pathways
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in AD were evaluated in participants with both baseline and Week 24 samples
(exploratory outcome).

RESULTS: PEGASUS enrolled 95 participants (intent-to-treat [ITT] cohort); cognitive
assessments indicated significantly greater baseline cognitive impairment in the PB
and TURSO (n = 51) versus placebo (n = 44) group. Clinical efficacy outcomes did
not significantly differ between treatment groups in the ITT cohort. CSF interleukin-
15 increased from baseline to Week 24 within the placebo group (n = 34). In the
PB and TURSO group (n = 33), reductions were observed in core AD biomarkers
phosphorylated tau-181 (p-tau181) and total tau; synaptic and neuronal degener-
ation biomarkers neurogranin and fatty acid binding protein-3 (FABP3); and gliosis
biomarker chitinase 3-like protein 1 (YKL-40), while the oxidative stress marker
8-hydroxy-2-deoxyguanosine (8-OHdG) increased. Between-group differences were
observed for the AB42/40 ratio, p-taul81, total tau, neurogranin, FABP3, YKL-
40, interleukin-15, and 8-OHdG. Additional neurodegeneration, inflammation, and
metabolic biomarkers showed no differences between groups.

DISCUSSION: While between-group differences in clinical outcomes were not
observed, most likely due to the small sample size and relatively short treatment dura-
tion, exploratory biomarker analyses suggested that PB and TURSO engages multiple
pathophysiologic pathways in AD.

KEYWORDS
Alzheimer’s disease, amyloid beta, biomarkers, fixed-dose combination, mild cognitive impair-
ment, neurodegeneration, sodium phenylbutyrate and taurursodiol, tau

Highlights

 Proteostasis and mitochondrial stress play key roles in Alzheimer’s disease (AD).

* Sodium phenylbutyrate and taurursodiol (PB and TURSO) targets these mecha-
nisms.

* The PEGASUS trial was designed to assess PB and TURSO effects on biologic AD
targets.

* PBand TURSO reduced exploratory biomarkers of AD and neurodegeneration.

» Supports further clinical development of PB and TURSO in neurodegenerative

diseases.

An oral, fixed-dose sodium phenylbutyrate and taurursodiol combi-
nation (PB and TURSO) is hypothesized to simultaneously mitigate ER

Multiple risk factors and pathophysiologic processes drive the sig-
nature plaque and tangle pathologies, neuronal dysfunction, synaptic
loss, neurodegeneration, and dementia of Alzheimer’s disease (AD).12
AD is distinguished by the presence of amyloid beta (Aj)—containing
extracellular plaques and paired-helical filament tau-containing intra-
cellular neurofibrillary tangles and dystrophic neurites. Accumulated
evidence indicates these pathological lesions emerge along with
disturbances in multiple cellular and molecular pathways, includ-
ing mitochondrial dysfunction, elevated endoplasmic reticulum (ER)
stress response, inflammation, vascular dysfunction, and altered
metabolism.1~> As such, a strong rationale exists for therapies target-

ing multiple pathways simultaneously in AD.

stress and mitochondrial dysfunction. Preclinical studies show that PB
and TURSO may individually reduce neuronal death.®” PB is a class
| and class Il histone deacetylase (HDAC) inhibitor that decreases ER
stress response by upregulating chaperone proteins.®? PB was shown
to reduce A plaque burden, tau hyperphosphorylation, and hippocam-
pal neurodegeneration and improve cognitive performance measures
in murine AD models.’%-13 TURSO has been shown to recover mito-
chondrial bioenergetic deficits by reducing Bax translocation to the
mitochondrial membrane, reducing mitochondrial permeability, and
increasing the apoptotic threshold of the cell.® In preclinical studies
in an APP/PS1 mouse model of AD, TURSO reduced hippocampal and

14-16

frontal cortex amyloid deposition and astrocyte and microglia
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activation.® The combination of PB and TURSO for 1 month at a 200-
mg/kg dose was shown to reduce soluble AB (preferentially AB42) in
an acute, pre-plaque Tg2576 mouse model of AD (data on file, Amy-
lyx Pharmaceuticals, Inc.). ER stress and mitochondrial dysfunction are
among several pathogenic mechanisms AD shares with other neurode-
generative diseases, including amyotrophic lateral sclerosis (ALS) in
which PB and TURSO has also been studied.'”-2°

We conducted a first-in-indication, phase 2a, 24-week, placebo-
controlled trial (PEGASUS) evaluating the activity of PB and TURSO in
people with AD ranging from mild cognitive impairment (MCI) to mod-
erate stages of dementia. The trial was designed to gain insight into
the effects of PB and TURSO on mechanistic targets of engagement
and disease biology. As previously presented,?! PB and TURSO had an
acceptable safety profile and was generally well tolerated in PEGASUS;
a greater proportion of gastrointestinal adverse events was seenin the
PB and TURSO group compared with placebo (similar to the CENTAUR
trial in ALS™?). Here, we report clinical efficacy outcomes and findings
from exploratory analyses of biomarkers representing a spectrum of
pathophysiologic processes of interest in AD in participants with MCI
and mild to moderate AD dementia in PEGASUS.

2 | METHODS

2.1 | Trial design and oversight

PEGASUS (NCT03533257) was conducted at 10 specialty AD clinical
research centers in the United States between September 14, 2018,
and November 6, 2020. The trial was conducted in accordance with
Good Clinical Practices as defined by the International Conference on
Harmonization and with the ethical principles of the Declaration of
Helsinki. The Institutional Review Board for each site approved the
study. Each participant provided written informed consent.

2.2 | Participants

The trial enrolled adults aged 55 through 89 years, with a diagno-
sis of “probable AD” or MCI accompanied by biomarkers supporting
AD as the likely etiology of cognitive impairment (ie, amyloid positron
emission tomography [PET], cerebrospinal fluid [CSF] AD biomark-
ers [ie, AB42, total tau, and phosphorylated tau-181 (p-tau181)],
fluorodeoxyglucose-PET, or volumetric magnetic resonance imaging
[MRI]). Additional inclusion criteria included a Montreal Cognitive
Assessment (MoCA) score of >8 and a Geriatric Depression Scale total
score of <7. For individuals receiving a cholinesterase inhibitor and/or
memantine, these treatments must have been initiated >3 months
prior to baseline, and the dosing regimen must have remained stable for
6 weeks prior to baseline. Individuals who received any investigational
AD therapy within 3 months of screening or any other investigational
therapy within 28 days of screening were excluded. Use of any inves-
tigational immunotherapy was prohibited beginning 1 year (365 days)

prior to the baseline visit and throughout the study.

Clinical Interventions

RESEARCH IN CONTEXT

1. Systematic review: Established sources (eg, PubMed)
were used to review literature pertaining to mecha-
nisms underlying Alzheimer’s disease (AD) pathogenesis.
A first-in-indication, proof-of-concept trial (PEGASUS)
examined the effects of a sodium phenylbutyrate and tau-
rursodiol combination (PB and TURSO) on mechanistic
targets of engagement and disease biology in AD.

2. Interpretation: No between-group differences were
observed in clinical outcomes, most likely due to the small
sample size (N = 95) and short treatment duration (24
weeks). In exploratory analyses, administration of PB
and TURSO vyielded changes in cerebrospinal fluid
biomarkers of core AD pathology (ie, amyloid beta and
tau), synaptic and neuronal degeneration, gliosis, and
DNA oxidation compared with placebo.

3. Future directions: Exploratory biomarker analyses from
PEGASUS provide preliminary evidence that PB and
TURSO engages several pathophysiological pathways in
AD, complementing preclinical evidence of biological
activity. These findings provide support for further clin-
ical development of PB and TURSO for AD and other
neurodegenerative diseases.

2.3 | Interventions

Enrolled participants were randomized in a 3:2 ratio to receive PB
and TURSO (3 g PB/1 g TURSO per sachet) or matching placebo for
24 weeks. Participants were instructed to consume one sachet of
the trial drug dissolved in water once daily for the first week, then
twice daily for the remainder of the trial. Further details of study drug

characteristics and administration are published.!?

2.4 | Clinical efficacy outcomes

The primary clinical efficacy outcome was the change from baseline
to Week 24 in a global statistical test (GST) combining three end-
points measuring different facets of disease trajectory: (1) cognition, as
assessed by the Mild/Moderate Alzheimer’s Disease Composite Score
(MADCOMS); (2) function, as assessed by the Functional Activities
Questionnaire (FAQ); and (3) total hippocampal volume on volumet-
ric MRI. Secondary clinical efficacy outcomes included changes in
the following assessments from baseline to Week 24 in hierarchical
order: total hippocampal volume, MADCOMS (cognition endpoint of
the GST), 14-item Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog14) score, FAQ score (the functional endpoint of
the GST), Dementia Severity Rating Scale score, MoCA score, and

Neuropsychiatric Inventory Questionnaire score. Further details
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regarding the clinical efficacy assessments are provided in the Supple-
mentary Methods.

2.5 | CSF biomarker outcomes
CSF biomarkers spanning multiple pathophysiological processes
in AD were measured at baseline and Week 24 as pre-specified
exploratory outcomes (Table S1). These included the following: (1)
core AD biomarkers, specifically AB42/40 ratio, p-taul81, and total
tau?22; (2) biomarkers reflecting synaptic and neuronal degeneration,
including neurogranin,?223 fatty acid binding protein-3 (FABP3),24
and neurofilament light chain (NfL)2>; (3) biomarkers associated
with gliosis, including YKL-40 (also known as chitinase 3-like protein
1)2¢ and glial fibrillary acidic protein (GFAP)2%; (4) the inflammation-
related biomarkers interleukin (IL)-6,27 IL-8,28 IL-15,2° monocyte
chemoattractant protein-1/C-C motif chemokine ligand 2 (MCP-
1/CCL2),°° macrophage inflammatory protein-1 beta (MIP1p),3!
and matrix metalloproteinase-10 (MMP-10)28:32:33; (5) the oxidative
stress marker 8-hydroxy-2-deoxyguanosine (8-OHdG);3* and (6)
metabolic biomarkers including soluble insulin receptor (sIR [insulin
resistance])®® and 24S-hydroxycholesterol (24-OHC [cholesterol
turnover]).36

CSF samples were collected via lumbar puncture prior to initiating
treatment (ie, anytime between the screening visit and up to 7 days
prior to the baseline visit) and at the final study visit (Week 24 + 28
days) or early discontinuation (unless <7 days after initiating study
drug). Additional details regarding CSF sample collection, handling, and
analysis are provided in the Supplementary Methods.

2.6 | Statistical analysis

The prespecified efficacy population in PEGASUS was the intent-
to-treat (ITT) cohort, consisting of all randomized participants who
received >1 dose of study medication, had a baseline assessment, and
had >1 post-baseline efficacy assessment for the primary efficacy out-
come. For the primary clinical efficacy analysis, the GST was calculated
for each participant as a mean z-score across the three component end-
points. Hippocampal volume was assessed using paired baseline and
Week 24 data from the same participant (longitudinal approach). The
GST change from baseline was estimated using a mixed model with
repeated measures (MMRM) incorporating composite covariates as
described in the Supplementary Methods. The same MMRM was used
to estimate changes from baseline for all secondary clinical efficacy
outcomes. Procedures for handling missing data are summarized in the
Supplementary Methods.

Biomarker analyses were performed on the CSF subcohort, a sub-
set of the ITT cohort consisting of participants who completed the
study with CSF having been successfully collected at both baseline and
Week 24. Differences in essential demographic, clinical, and biomarker
variables at baseline between the placebo group and the PB and

TURSO group were evaluated using two-tailed t-tests or chi-square

tests. Demographic and clinical variables included age, sex, education,
race, apolipoprotein E ¢4 (APOE ¢4) status, MoCA, and FAQ. Treatment
effects were analyzed for each biomarker independently. In addition,
to provide a composite assessment of the evaluated inflammatory
biomarkers that are produced predominantly by microglia and/or other
immune cells (eg, lymphocytes) in the brain and CSF (ie, IL-6,%7 1L-8,38
IL-15,37 MCP-1/CCL2,%8 MIP18,%° and MMP-10%%), an inflammatory
composite index was calculated by averaging z-transformed data for
these biomarkers.

For each CSF biomarker, treatment group effects were assessed in
two ways. First, within each group, we used paired t-tests to determine
the change between baseline and Week 24 biomarker concentrations.
This approach allowed us to determine the change over 24 weeks
of disease progression for each treatment separately. Second, we
used linear regression models to compare changes in each biomarker
with PB and TURSO versus placebo. This model included change in
biomarker level from baseline to Week 24 as the response variable,
with treatment group and baseline biomarker levels as explanatory
variables. Given the exploratory nature of the biomarker analyses,
adjustments for multiplicity were not undertaken, and p-values are
provided without a claim of significance.

Finally, to evaluate the robustness of findings in biomarkers showing
between-group differences in their changes from baseline, we con-
ducted sensitivity analyses that included age, sex, APOE ¢4 status, and
baseline MoCA score as additional explanatory variables. These vari-
ables were used as they showed either a significant correlation with
biomarker levels in the CSF subcohort as a whole (age) or numeri-
cal (though not statistically significant) differences between groups at
baseline (sex, APOE ¢4 status, and baseline MoCA score).

3 | RESULTS

3.1 | Trial participants
A total of 95 participants were enrolled, comprising the ITT cohort,
of whom 51 were randomized to PB and TURSO and 44 were ran-
domized to placebo; 96% of participants in the placebo group and
80% in the PB and TURSO group completed the study (p = 0.028;
Figure 1). Mean cognitive assessment scores indicated a significantly
greater baseline level of cognitive impairment among those random-
ized to PB and TURSO versus placebo (MADCOMS, ADAS-Cog14 total
score, and MoCA score, all p < 0.007; Table S2). Baseline values for all
other measures were similar between groups in the ITT cohort.
Twenty-eight participants from the ITT cohort were excluded from
the biomarker analyses either because they discontinued the study and
did not have the end-of-study lumbar puncture (n = 12) or because
one or both lumbar punctures were unsuccessful (n = 16), leaving 67
participants in the CSF subcohort (PB and TURSO, n = 33; placebo,
n = 34). Baseline demographic and clinical characteristics were gener-
ally well matched between the overall ITT cohort and CSF subcohort
and between treatment groups within the CSF subcohort (Table 1).

Differences between treatment groups in the CSF subcohort were
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Excluded (n=38)

» | * Notwilling or able

(n=5)

Randomized (n=95)

. GDS >7 (n=3)

4/\»

Placebo (n=44)
ITT Population

!

Discontinued early (n=2)
*  Withdrawal by participant
AE (n=2)

!

96% completers (n=42)
all study visits

l

77% in CSF subcohortt
n=34

FIGURE 1

» Other (n=12)

* MoCA score <7 (n=15)

» Did not meet AD diagnostic criteria (n=3)

to complete all procedures

PB and TURSO (n=51)
ITT Population

!

Discontinued early (n=10)
Withdrawal by participant
AE (n=4)
Enrolled in another study (n=1)
Other (n=4)
Withdrawal by study sponsor (n=1)

!

80% completers (n=41)
all study visits*

l

64% in CSF subcohort?
n=33

PEGASUS trial participant disposition flow diagram. *Includes two randomized participants who completed the study off the drug.

"The CSF subcohort consisted of participants who completed the study with successful CSF collection at baseline and Week 24. AD, Alzheimer’s
disease; AE, adverse event; CSF, cerebrospinal fluid; GDS, Geriatric Depression Scale; ITT, intent-to-treat; MoCA, Montreal Cognitive Assessment;
PB and TURSO, sodium phenylbutyrate and taurursodiol.

TABLE 1 Demographic and clinical characteristics of participants at baseline.

Overall

ITT cohort
Characteristic (N =95)
Age, mean (SD), years 70.7(7.5)
Female, % 45.3
Education, mean (SD) years 16.1(2.7)
White race, % 96.8
APOE &4 positive, % 69.6
MoCA score, mean (SD) 17.9 (4.9)
FAQ score, mean (SD) 11.4(7.3)

CSF subcohort
(n=67)

70.1(7.4)
40.3
15.9(2.8)
97.0
69.7
18.4(5.2)
10.7 (7.1)

PB and TURSO CSF Placebo CSF p-value, placebo vs. PB
subcohort (n = 33) subcohort (n = 34) and TURSO statistic
70.1(7.6) 70.1(7.3) t=0.02;p=0.99

383 47.1 xX>=132;p=0.25
16.2(2.8) 15.7(2.8) t=0.78;p=043

97.0 97.1 X =0;p=0.98

78.1 618 x*=211p=0.15
17.3(5.4) 19.4(4.8) t=1.69;p=0.09
11.3(7.8) 10.1(6.3) t=0.72;p=0.48

Abbreviations: APOE ¢4, apolipoprotein E gene ¢4 allele; CSF, cerebrospinal fluid; FAQ, Functional Activities Questionnaire; ITT, intent-to-treat; MoCA,
Montreal Cognitive Assessment; PB and TURSO, sodium phenylbutyrate and taurursodiol; SD, standard deviation.

observed for sex, APOE ¢4 genotype, and MoCA score, but none were

3.2 | Clinical outcomes

statistically significant. In addition, there were no statistically signif-

icant baseline differences between treatment groups within the CSF

subcohort for any biomarkers (Table 2). Groupwise baseline biomarker

concentrations in the ITT cohort are provided in Table S2.

24 in the GST (primary efficacy

The estimated mean (standard error) change from baseline to Week

outcome, calculated from the mean

z-score across the three component endpoints at each time point)
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FIGURE 2 CSF biomarker effects. Mean (SD) values and interquartile ranges in the placebo (gray bars on left) and PB and TURSO (blue bars on
right) groups are shown at baseline and Week 24 for the following: core AD biomarkers, namely AB42/40 (A), p-tau181 (B), and total tau (C);
biomarkers of synaptic and neuronal degeneration, namely neurogranin (D), FABP3 (E), and NfL (F); biomarkers of gliosis and inflammation, namely
YKL-40 (G), GFAP (H), and an inflammatory composite index (I) consisting of the average of z-transformed data for IL-6, IL-8, IL-15, MCP-1/CCL2,
MIP13, and MMP-10; a biomarker of oxidative stress, 8-OHdG (J); and biomarkers of metabolism, namely sIR (K) and 24-OHC (L). 8-OHdG,
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did not significantly differ between the PB and TURSO (0.24 [0.05])
and placebo (0.17 [0.05]) groups (between-group difference, 0.07;
95% confidence interval [Cl]: —0.08 to 0.21; p = 0.36). Between-group
differences for secondary clinical outcomes did not achieve statistical
significance (Table S3).

3.3 | Biomarkers

CSF biomarker findings are graphically portrayed in Figure 2 and
presented in Table 2. Within the placebo-treated group, changes
from baseline were observed for the inflammatory composite index
(p = 0.02) and the component biomarkers IL-15 (p = 0.0004) and
MIP13 (p = 0.0211), all of which increased over the 24-week study
duration. Treatment with PB and TURSO vyielded reductions in core
AD biomarkers p-tau181 (p < 0.0001) and total tau (p < 0.0001),
neurodegeneration biomarkers neurogranin (p < 0.0001) and FABP3
(p=0.0004), and gliosis biomarker YKL-40 (p = 0.0005). In addition, the
oxidative stress marker 8-OHdG increased from baseline to Week 24
in the PB and TURSO group (p = 0.007). There was also a trend toward
an increase in the AB42/40 ratio (p = 0.07). No group-wise differences
were observed for other biomarkers in the PB and TURSO treatment
group.

A regression model directly compared the effects of placebo and PB
and TURSO treatment on CSF biomarkers. Compared to the placebo
group, the PB and TURSO group exhibited differences in effect on the
AB42/40 ratio (p = 0.004), p-tau181 (p = 0.0002), total tau (p < 0.0001),
neurogranin (p = 0.0004), FABP3 (p = 0.0007), YKL-40 (p = 0.004), IL-
15 (p =0.028), and 8-OHdG (p = 0.005) (Figure 2 and Table 2).

As a sensitivity analysis, we separately added age, sex, MoCA score,
and APOE ¢4 genotype to the regression models for the seven biomark-
ers for which between-group differences were observed. None of the
variables attenuated the effects of PB and TURSO treatment on these
seven biomarkers (Table S4).

4 | DISCUSSION

PEGASUS was a first-in-indication phase 2a trial designed to evalu-
ate the safety and biological activity of PB and TURSO in AD. The
trial included individuals along a spectrum of AD severity, from MCI to
moderate dementia, and incorporated multiple clinical, neuroimaging,
and CSF biomarker endpoints to evaluate proof of concept of PB and
TURSO for AD and to inform further clinical development and design of
next-phase trials. No between-group differences were seen in clinical
outcomes in PEGASUS. Potential reasons for the lack of between-

group differences include the small sample size and the short duration
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of the trial. In addition, there was evidence of greater cognitive impair-
ment in the PB and TURSO group compared with the placebo group
at baseline, based on cognitive assessments that were incorporated
within the primary GST outcome and as secondary clinical outcomes in
the trial. In contrast, exploratory CSF biomarker analyses in PEGASUS
suggested PB and TURSO engagement of several pathophysiologic tar-
gets in AD, including A, tau, and neurodegeneration, across a sample
of individuals with a broad range of disease severity.

PB and TURSO may reduce AD pathologies and rescue neurodegen-
eration by several mechanisms. Abnormalities in regulation of protein
translation, chaperone-mediated protein folding, and protein degrada-
tion are well-described features of AD that may be both cause and
consequence of A8 and tau pathologies.23 As an HDAC inhibitor, PB
has been shown to upregulate expression of anti-apoptotic genes as
well as proteins involved in synaptic function and plasticity.!24! PB
may also act as a chemical chaperone, binding exposed hydrophobic
segments of unfolded proteins, stabilizing protein structure, and reduc-
ing ER stress.? TURSO is a bile acid that prevents Bax translocation
to the outer mitochondrial membrane, stabilizing mitochondrial mem-
branes, inhibiting release of cytochrome C, and limiting activation of
caspases, thus decreasing apoptotic cell death.® Growing evidence sup-
ports amelioration of protein misfolding and ER stress as additional
mechanisms underlying the neuroprotective action of TURSO; in the
same manner as with PB, these effects appear to be mediated via
chemical chaperone activity.*?

Compared with placebo, PB and TURSO reduced levels of CSF total
tau, a general biomarker of neurodegeneration, and p-tau181, a more
specific biomarker of AD pathology.*3** PB and TURSO also raised the
ratio of CSF AB42/40. Lower CSF AB42/40 ratios have been reported
to signify the presence of AD as the underlying cause of dementia
and MCl/prodromal dementia.*> In addition, the CSF AB42/40 ratio
has shown greater concordance with amyloid PET imaging than Ag42
alone?~48 and inversely correlates with cerebral g-amyloid level.*’ PB
and TURSO may lower cerebral g-amyloid levels through enhanced
mitochondrial activity in microglia, augmenting phagocytosis and A3
clearance.® Further study will be necessary to explore this possibility.

PB and TURSO appear to have synergistic benefits in protecting
neurons under severe oxidative stress based on in vitro preclinical
studies.>? This effect may be the basis for the observed reductions in
CSF neurogranin and FABP3 in our trial. Neurogranin, a calmodulin-
binding, neuron-specific protein involved in synaptic plasticity and
regeneration, is present in increased concentrations in the CSF in
several diseases including AD, where it is thought to signify synap-
tic degeneration.2223°2 |n |ine with the effects of PB and TURSO
observed in our analysis, neurogranin levels positively correlate with
p-tau and total tau levels but only weakly correlate with AB42 levels in

AD, presumably because amyloid plague burden does not correspond

8-hydroxy-2-deoxyguanosine; 24-OHC, 24S-hydroxycholesterol; AB, amyloid beta; AD, Alzheimer’s disease; BL, baseline; CSF, cerebrospinal fluid;
FABP3, fatty acid binding protein-3; GFAP, glial fibrillary acidic protein; IL, interleukin; MCP-1/CCL2, monocyte chemoattractant protein-1/C-C
motif chemokine ligand 2; MIP13, macrophage inflammatory protein-1 beta; MMP-10, matrix metalloproteinase-10; NfL, neurofilament light
chain; NS, not significant; p-tau181, phosphorylated tau-181; SD, standard deviation; sIR, soluble insulin receptor; Wk24, Week 24; YKL-40,

chitinase 3-like protein 1. *p < 0.05.p < 0.01. p < 0.001.
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with synapse loss. Because synaptic loss is an early event in the AD
continuum, CSF neurogranin is a potentially useful biomarker in the
pre-symptomatic stages of AD as well as for monitoring the effects of
investigational agents on synaptic integrity in AD trials.2223

FABP3 is a fatty acid-binding protein abundant in the cytoplasm
and highly expressed in the brain.24>3-5% |n addition to its utility as
a general biomarker of neurodegeneration, FABP3 participates in the
uptake, intracellular metabolism, and/or transport of long-chain fatty
acids, playing a role in lipid membrane composition.24°3-57 FABP3 is
considered a biomarker of both lipid dyshomeostasis and neuronal
membrane disruption. FABP3 elevation has been reported in several
AD studies and is thought to indirectly contribute to amyloid plaque
formation and facilitate oligomerization of a-synuclein, a suspected
mediator of tau hyperphosphorylation.24>3-58

We did not observe a between-group difference in change from
baseline in NfL, another often cited general neurodegeneration
biomarker. While CSF NfL levels are especially elevated in traumatic
brain injury, frontotemporal dementia, and ALS, lesser and more vari-
able elevations are described in AD and Lewy body dementia.>?-¢1
As such, elevation of CSF NfL concentration may be a less reliable
indicator of neurodegeneration in AD compared with other biomark-
ers, particularly in later stages characterized by cognitive decline.®?
For example, longitudinal studies indicate that NfL increases may slow
during the symptomatic course of AD, following an initial increase.®?

Evolving evidence suggests that neuroinflammation plays an early
role in AD progression.®3¢* We examined biomarkers primarily pro-
duced by microglia and lymphocytes in the brain and CSF (cytokines,
chemokines, and MMP-10)3337-40 and astrocytes (GFAP and YKL-40),
key mediators of neuroinflammation in AD.¢* Among the former group
of biomarkers, only the change in IL-15 differed between the PB and
TURSO group and placebo group, with the level increasing from base-
line to Week 24 in the latter. While no changes in GFAP were observed
inour analyses, PB and TURSO decreased CSF levels of YKL-40, a chiti-
nase expressed by astrocytes upon microglial activation.®* CSF YKL-40
is elevated in the earliest stages of AD, and levels have been shown to
correlate with total tau and p-tau181 as well as cortical volume loss and
rate of cognitive decline.®4-%¢ Consistent with our findings in PEGA-
SUS, a significant decrease in plasma YKL-40 was observed over 24
weeks in participants with ALS receiving PB and TURSO versus placebo
in the CENTAUR trial.¢”

In the PB and TURSO group, we saw an increase in 8-OHdG, a prod-
uct of DNA oxidation that correlates with general mitochondrial oxida-
tive metabolism and stress.3* In prior studies, significantly elevated
8-OHdG levels were observed in the CSF3448 and plasma®’ of people
with AD compared with healthy age-matched controls. The increase
in 8-OHdG in our analysis warrants additional investigation. Reac-
tive oxygen species can have positive effects in neurons for enhancing
synaptic plasticity, but when excessively elevated may have detri-
mental effects on neuronal function and survival.”® In most reported
studies of neurological disease models, TURSO is neuroprotective.*?

We also examined biomarkers of metabolic pathways that are
altered in AD, including insulin resistance (sIR)%>’1 and cholesterol

turnover (24-OHC).3¢ The value of these biomarkers in AD is not

well established. While there is evidence suggesting downregulation of
insulin receptors (IRs) in the frontal cortex, hippocampus, and hypotha-
lamus in AD, these findings have not yet been correlated to altered
IR levels in CSF.3> Additionally, while growing evidence suggests that
accumulation of oxysterol byproducts of cholesterol oxidation con-
tributes to AD pathogenesis, data regarding 24-OHC activity are
conflicting, with evidence indicating both damaging and protective
effects; furthermore, inconsistency in 24-OHC levels has been noted
in various biological samples including CSF in AD, suggesting it is not a
reliable biomarker in AD.3¢

The analyses described herein were limited by the brief duration of
the PEGASUS trial and small sample size, which was further limited for
the biomarker analyses, which included only those participants who
completed the study with successful collection of CSF at both base-
line and Week 24. In addition, a lower percentage of participants who
were randomized to PB and TURSO completed the study. As previ-
ously noted, random between-group baseline imbalance in the level of
cognitive impairment may have had a bearing on the clinical outcome
results. Strengths of the exploratory biomarker analyses included the
rich profiling of CSF biomarkers representing pathophysiological path-
ways beyond conventional A and tau measures in people with arange
of clinical AD severity. The changes in multiple biomarkers and con-
sistency of effect across participants and biomarker categories, even
after adjusting for covariates, provide preliminary evidence of biolog-
ical effect of PB and TURSO in AD. However, these analyses were
potentially limited by lack of adjustment for multiplicity, given their
exploratory nature. Future trials incorporating a longer duration, larger
population, and greater participant diversity may ascertain any corre-
lation between clinical outcomes and biomarker effects in AD, as well
as identify those who are most likely to respond to PB and TURSO.

In summary, while no between-group differences were seen in clin-
ical outcomes in PEGASUS, most likely due to limited sample size and
trial duration, exploratory CSF biomarker results provided preliminary
evidence that PB and TURSO engages AD pathology and pathways
of neurodegeneration, synaptic function, gliosis, and oxidative stress.
Along with those from preclinical studies showing a biological effect of
PB and TURSO in AD models, the findings of our analysis provide sup-
port for further clinical development of PB and TURSO for AD and may

be used to inform the design of subsequent trials.

ACKNOWLEDGMENTS

The authors wish to thank the individuals who participated in PEGA-
SUS and their families and caregivers as well as Lara Primak, MD, and
Nikhilesh Sanyal, PhD, of PRECISIONscientia for providing medical
writing assistance under the direction of the authors, with financial
support from Amylyx Pharmaceuticals, Inc., and in compliance with
international Good Publication Practice guidelines. The PEGASUS trial
was sponsored by Amylyx Pharmaceuticals, Inc., with support from
the Alzheimer’s Drug Discovery Foundation, the Alzheimer’s Associa-
tion, and the Cure Alzheimer’s Fund. Amylyx provided active drug and
placebo, was involved in the trial design and data analysis and inter-
pretation, contributed to manuscript development and the decision to

submit this article for publication in collaboration with the authors,



ARNOLD ET AL.

Translational Research 110f13

and provided funding for writing support in the development of the
manuscript.

CONFLICT OF INTEREST STATEMENT

S.E.A. was the principal investigator of the PEGASUS trial and con-
tributed to its design, conduct, statistical analyses of the exploratory
biomarker assessments, writing and revision of this manuscript. S.E.A.
reported receiving institutional grant or sponsored research support
from the Alzheimer’s Association, Alzheimer Drug Discovery Foun-
dation, Challenger Foundation, John Sperling Foundation, National
Institutes of Health, Prion Alliance, AbbVie Inc, AC Immune SA, Amy-
lyx, Athira Pharma Inc, ChromaDex Inc, Cyclerion Therapeutics Inc,
EIP Pharma Inc, Janssen Pharmaceutical/Johnson & Johnson, lonis
Pharmaceuticals, Novartis AG, Seer Bioscience Inc, vTv Therapeutics;
honoraria for lectures from AbbVie Inc, Biogen Inc, and Eisai Co Ltd;
payments for participation on scientific advisory boards of Allyx Ther-
apeutics Inc, Bob’s Last Marathon, Quince Therapeutics/Cortexyme
Inc, Jocasta Neuroscience, and Sage Therapeutics Inc; consulting fees
from Cognito Therapeutics Inc, Cassava Sciences, EIP Pharma Inc, M3
Biotechnology Inc, Orthogonal Neuroscience Inc, Risen Pharmaceuti-
cal Technology. S.H. is an employee and owner of Pentara Corporation,
which was contracted to perform statistical analyses for the PEGASUS
trial, including the clinical efficacy outcomes analyses described in this
manuscript; reports consulting fees paid to Pentara from multiple phar-
maceutical companies developing therapies for neurodegenerative
diseases; and reports data safety monitoring board or advisory board
fees from Alzheon, Eisai, and Prothena Biosciences paid to Pentara.
JN.-J. and N.K. are employees of Pentara Corporation. V.JW. reports
consulting fees from Cognito Therapeutics, unrelated to the present
manuscript, and an unpaid scientific advisory committee position in
Division 40 of the American Psychological Association. J.M.B. reports
clinical trial support from the National Institutes of Health, Eli Lilly,
Biogen, AbbVie, AstraZeneca, and Roche, unrelated to the manuscript,
and consulting fees from Amylyx Pharmaceuticals, Renew Research,
Eisai, Eli Lilly, and Labcorp. M.C. reports grants from the Ameri-
can College of Radiology, the Alzheimer’s Association, Novo Nordisk,
Avanir Pharmaceuticals, Biogen, and the National Institutes of Health,
all paid to the Tennessee Memory Disorders Foundation, and is an
Alzheimer’s Tennessee Board of Directors and Tennessee Memory Dis-
orders Foundation volunteer. A.J.M. reports advisory board fees from
Amylyx Pharmaceuticals and honoraria from the Alzheimer’s Associa-
tion Speaker’s Bureau. S.N.V. reports grants to his affiliated institution
from Biogen, Eisai, and Eli Lilly and participation on a data safety mon-
itoring board or advisory board for Eli Lilly and Alector Therapeutics.
Z.A. receives research support from the National Institutes of Health,
Amylyx Pharmaceuticals, and Eli Lilly to her affiliated academic insti-
tution; lecture honoraria from Spire Learning and Summus; payment
for expert testimony from the city of Naperville (government); support
for attending professional society meetings from National Institutes
of Health funds and academic institutions of higher learning; advi-
sory board fees and consulting for non-for-profit (California Institute
for Regenerative Medicine; international governmental funding agen-

cies) and for-profit organizations (including Eisai, Inc; Summus); and

Clinical Interventions

is a Specialty Chief Editor for Frontiers in Neurology. J.N. was the prin-
cipal investigator for the Icahn School of Medicine at Mount Sinai
(MSSM) PEGASUS trial site but was not compensated in this role; is
a co-director of the MSSM Alzheimer’s Disease Research Center Out-
reach, Recruitment, and Engagement and Clinical Cores; and is editor
of Focus on Healthy Aging. K.B. reports clinical trial support from Eisai
and the Alzheimer’s Clinical Trials Consortium, unrelated to this work,
and fees for data monitoring committee participation from Eli Lilly.
B.C.C. reports grants from the National Institutes of Health, Challenger
Foundation, Bright Focus Foundation, Alzheimer’s Research UK, and
Ono Pharmaceutical to her affiliated institution; reports conference
attendance support from Alzheimer’s Research UK; and is an Academic
Coordinator for the Alzheimer’s Research UK Thames Valley Net-
work. H.H.D. contributed to the statistical analyses in Table S4 of the
exploratory biomarker assessments described in this manuscript and
reports consulting fees from ALZpath and Biogen. R.ET. is a paid con-
sultant and shareholder in Amylyx Pharmaceuticals and was involved
with the PEGASUS trial design and analyzing de-identified trial results
following the completion of the trial but not with the execution of the
trial. PD.. is the Chief Medical Officer and has stock and stock option
ownership in Amylyx Pharmaceuticals. K.L. was an employee of Amy-
lyx Pharmaceuticals from July 2015 through August 2021 and received
stock options while employed with Amylyx Pharmaceuticals. B.AT. and
P.K. have no disclosures to report. Author disclosures are available in

the Supporting Information.

CONSENT STATEMENT

This PEGASUS trial was conducted in compliance with Title 21 Part
50 of the United States of America Code of Federal Regulations and
International Conference on Harmonization guidance documents per-
taining to informed consent. All participants provided written informed
consent to participate in the trial and were provided with a copy of the
fully executed consent form for their records.

ORCID

Steven E. Arnold & https://orcid.org/0000-0002-9487-415X

REFERENCES

1. Agrawal I, Jha S. Mitochondrial dysfunction and Alzheimer’s disease:
role of microglia. Front Aging Neurosci. 2020;12:252.

2. Knopman DS, Amieva H, Petersen RC, et al. Alzheimer disease. Nat Rev
Dis Primers. 2021;7:33.

3. Hashimoto S, Saido TC. Critical review: involvement of endoplasmic
reticulum stress in the aetiology of Alzheimer’s disease. Open Biol.
2018;8:180024.

4. Swerdlow RH. Mitochondria and mitochondrial cascades in
Alzheimer’s disease. J Alzheimers Dis. 2018;62:1403-1416.

5. Tonnies E, Trushina E. Oxidative stress, synaptic dysfunction, and
Alzheimer’s disease. J Alzheimers Dis. 2017;57:1105-1121.

6. Rodrigues CM, Solad S, Sharpe JC, Moura JJ, Steer CJ. Taurour-
sodeoxycholic acid prevents Bax-induced membrane perturbation
and cytochrome C release in isolated mitochondria. Biochemistry.
2003;42:3070-3080.

7. Ryu H, Smith K, Camelo SI, et al. Sodium phenylbutyrate prolongs sur-
vival and regulates expression of anti-apoptotic genes in transgenic
amyotrophic lateral sclerosis mice. J Neurochem. 2005;93:1087-1098.


https://orcid.org/0000-0002-9487-415X
https://orcid.org/0000-0002-9487-415X

ARNOLD ET AL.

12013 Translational Research
Clinical Interventions
8. Yadav A, Huang TC, Chen SH, et al. Sodium phenylbutyrate inhibits

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

Schwann cell inflammation via HDAC and NF«xB to promote axonal
regeneration and remyelination. J Neuroinflammation. 2021;18:
238.

. Zhou W, Bercury K, Cummiskey J, Luong N, Lebin J, Freed CR.

Phenylbutyrate up-regulates the DJ-1 protein and protects neurons
in cell culture and in animal models of Parkinson disease. J Biol Chem.
2011;286:14941-14951.

Cuadrado-Tejedor M, Ricobaraza AL, Torrijo R, Franco R, Garcia-Osta
A. Phenylbutyrate is a multifaceted drug that exerts neuroprotec-
tive effects and reverses the Alzheimer’s disease-like phenotype of a
commonly used mouse model. Curr Pharm Des. 2013;19:5076-5084.
Ricobaraza A, Cuadrado-Tejedor M, Marco S, Pérez-Otaiio |, Garcia-
Osta A. Phenylbutyrate rescues dendritic spine loss associated with
memory deficits in a mouse model of Alzheimer disease. Hippocampus.
2012;22:1040-1050.

Ricobaraza A, Cuadrado-Tejedor M, Pérez-Mediavilla A, Frechilla D,
Del Rio J, Garcia-Osta A. Phenylbutyrate ameliorates cognitive deficit
and reduces tau pathology in an Alzheimer’s disease mouse model.
Neuropsychopharmacology. 2009;34:1721-1732.

Wiley JC, Pettan-Brewer C, Ladiges WC. Phenylbutyric acid reduces
amyloid plagues and rescues cognitive behavior in AD transgenic mice.
Aging Cell. 2011;10:418-428.

Dionisio PA, Amaral JD, Ribeiro MF, Lo AC, D’Hooge R, Rodrigues
CM. Amyloid-g pathology is attenuated by tauroursodeoxycholic acid
treatment in APP/PS1 mice after disease onset. Neurobiol Aging.
2015;36:228-240.

Lo AC, Callaerts-Vegh Z, Nunes AF, Rodrigues CM, D’Hooge R. Tau-
roursodeoxycholic acid (TUDCA) supplementation prevents cognitive
impairment and amyloid deposition in APP/PS1 mice. Neurobiol Dis.
2013;50:21-29.

Nunes AF, Amaral JD, Lo AC, et al. TUDCA, a bile acid, attenuates
amyloid precursor protein processing and amyloid-3 deposition in
APP/PS1 mice. Mol Neurobiol. 2012;45:440-454.

Bologna M, Truong D, Jankovic J. The etiopathogenetic and pathophys-
iological spectrum of parkinsonism. J Neurol Sci. 2022;433:120012.
Ghemrawi R, Khair M. Endoplasmic reticulum stress and unfolded
protein response in neurodegenerative diseases. Int J Mol Sci.
2020;21:6127.

Paganoni S, Macklin EA, Hendrix S, et al. Trial of sodium
phenylbutyrate-taurursodiol for amyotrophic lateral sclerosis. N
Engl J Med. 2020;383:919-930.

Paganoni S, Watkins C, Cawson M, et al. Survival analyses from the
CENTAUR trial in amyotrophic lateral sclerosis: evaluating the impact
of treatment crossover on outcomes. Muscle Nerve. 2022;66:136-
141.

Arnold SE, Hendrix S, Nicodemus-Johnson J, et al. Safety and biolog-
ical activity of a fixed-dose coformulation of sodium phenylbutyrate
and taurursodiol (PB/TURSQ) for the treatment of Alzheimer’s dis-
ease: results from the phase 2a PEGASUS study. J Prev Alzheimers Dis.
2021;8:5125.

Kester MI, Teunissen CE, Crimmins DL, et al. Neurogranin as a cere-
brospinal fluid biomarker for synaptic loss in symptomatic Alzheimer
disease. JAMA Neurol. 2015;72:1275-1280.

Wellington H, Paterson RW, Portelius E, et al. Increased CSF neu-
rogranin concentration is specific to Alzheimer disease. Neurology.
2016;86:829-835.

Sepe FN, Chiasserini D, Parnetti L. Role of FABP3 as biomarker
in Alzheimer’s disease and synucleinopathies. Future Neurol.
2018;13:199-207.

Yuan A, Nixon RA. Neurofilament proteins as biomarkers to moni-
tor neurological diseases and the efficacy of therapies. Front Neurosci.
2021;15:689938.

Teitsdottir UD, Jonsdottir MK, Lund SH, Darreh-Shori T, Snaedal J,
Petersen PH. Association of glial and neuronal degeneration mark-

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

ers with Alzheimer’s disease cerebrospinal fluid profile and cognitive
functions. Alzheimers Res Ther. 2020;12:92.

Zheng C, Zhou XW, Wang JZ. The dual roles of cytokines in Alzheimer’s
disease: update on interleukins, TNF-a, TGF-8 and IFN-y. Transl Neu-
rodegener. 2016;5:7.

Bostrom G, Freyhult E, Virhammar J, et al. Different inflammatory
signatures in Alzheimer’s disease and frontotemporal dementia cere-
brospinal fluid. J Alzheimers Dis. 2021;81:629-640.

Rentzos M, Zoga M, Paraskevas GP, et al. IL-15 is elevated in cere-
brospinal fluid of patients with Alzheimer’s disease and frontotempo-
ral dementia. J Geriatr Psychiatry Neurol. 2006;19:114-117.

Lee WJ, Liao YC, Wang YF, Lin IF, Wang SJ, Fuh JL. Plasma MCP-1 and
cognitive decline in patients with Alzheimer’s disease and mild cogni-
tive impairment: a two-year follow-up study. Sci Rep. 2018;8:1280.
Taipa R, das Neves SP, Sousa AL, et al. Proinflammatory and anti-
inflammatory cytokines in the CSF of patients with Alzheimer’s
disease and their correlation with cognitive decline. Neurobiol Aging.
2019;76:125-132.

Trombetta BA, Kivisdkk P, Carlyle BC, Arnold SE. Matrix
metalloproteinase-10 as a novel biomarker of neurodegeneration
in Alzheimer’s disease. Alzheimers Dement. 2021;17:S5.

Koénnecke H, Bechmann I. The role of microglia and matrix metallo-
proteinases involvement in neuroinflammation and gliomas. Clin Dev
Immunol. 2013;2013:914104.

Isobe C, Abe T, Terayama Y. Levels of reduced and oxidized coenzyme
Q-10 and 8-hydroxy-2’-deoxyguanosine in the CSF of patients with
Alzheimer’s disease demonstrate that mitochondrial oxidative damage
and/or oxidative DNA damage contributes to the neurodegenerative
process. J Neurol. 2010;257:399-404.

Bedse G, Di Domenico F, Serviddio G, Cassano T. Aberrant insulin
signaling in Alzheimer’s disease: current knowledge. Front Neurosci.
2015;9:204.

Gamba P, Giannelli S, Staurenghi E, et al. The controversial role
of 24-S-hydroxycholesterol in Alzheimer’s disease. Antioxidants.
2021;10:740.

Smith JA, Das A, Ray SK, Banik NL. Role of pro-inflammatory cytokines
released from microglia in neurodegenerative diseases. Brain Res Bull.
2012;87:10-20.

McLarnon JG. Microglial chemotactic signaling factors in Alzheimer’s
disease. Am J Neurodegener Dis. 2012;1:199-204.

Pan W, Wu X, He Y, et al. Brain interleukin-15 in neuroinflammation
and behavior. Neurosci Biobehav Rev. 2013;37:184-192.

Hammond TR, Dufort C, Dissing-Olesen L, et al. Single-cell RNA
sequencing of microglia throughout the mouse lifespan and in
the injured brain reveals complex cell-state changes. Immunity.
2019;50:253-271.€6.

Corbett GT, Roy A, Pahan K. Sodium phenylbutyrate enhances astro-
cytic neurotrophin synthesis via protein kinase C (PKC)-mediated
activation of cAMP-response element-binding protein (CREB): Impli-
cations for Alzheimer disease therapy. J Biol Chem. 2013;288:8299-
8312.

Khalaf K, Tornese P, Cocco A, Albanese A. Tauroursodeoxycholic acid:
a potential therapeutic tool in neurodegenerative diseases. Transl
Neurodegener. 2022;11:33.

Jack CR, Jr., Bennett DA, Blennow K, et al. NIA-AA Research Frame-
work: Toward a biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018;14:535-562.

Lee JC, Kim SJ, Hong S, Kim Y. Diagnosis of Alzheimer’s disease utiliz-
ing amyloid and tau as fluid biomarkers. Exp Mol Med. 2019;51:1-10.
Delaby C, Estellés T, Zhu N, et al. The AB1-42/AB1-40 ratio in CSF is
more strongly associated to tau markers and clinical progression than
AB1-42 alone. Alzheimers Res Ther. 2022;14:20.

Janelidze S, Pannee J, Mikulskis A, et al. Concordance between dif-
ferent amyloid immunoassays and visual amyloid positron emission
tomographic assessment. JAMA Neurol. 2017;74:1492-1501.



ARNOLD ET AL.

Translational Research 130f 13

47.

48.

49.

50.

51.

52.

583.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Leuzy A, Chiotis K, Hasselbalch SG, et al. Pittsburgh compound B
imaging and cerebrospinal fluid amyloid-8 in a multicentre European
memory clinic study. Brain. 2016;139:2540-2553.

Lewczuk P, Matzen A, Blennow K, et al. Cerebrospinal fluid AB42/40
corresponds better than AB42 to amyloid PET in Alzheimer’s disease.
J Alzheimers Dis. 2017;55:813-822.

Alcolea D, Pegueroles J, Mufoz L, et al. Agreement of amyloid PET and
CSF biomarkers for Alzheimer’s disease on Lumipulse. Ann Clin Trans|
Neurol. 2019;6:1815-1824.

Ulland TK, Song WM, Huang SC, et al. TREM2 maintains microglial
metabolic fitness in Alzheimer’s disease. Cell. 2017;170:649-663.
Cohen J, Klee J, Leslie K, et al. Clinical trial design for a phase 2, ran-
domized, placebo-controlled trial of AMX0035 in amyotrophic lateral
sclerosis (CENTAUR). ALS-FTD 2019;20:276.

Xiang Y, Xin J, Le W, Yang Y. Neurogranin: a potential biomarker
of neurological and mental diseases. Front Aging Neurosci.
2020;12:584743.

Chiasserini D, Biscetti L, Eusebi P, et al. Differential role of CSF
fatty acid binding protein 3, a-synuclein, and Alzheimer’s disease
core biomarkers in Lewy body disorders and Alzheimer’s dementia.
Alzheimers Res Ther. 2017;9:52.

Chiasserini D, Parnetti L, Andreasson U, et al. CSF levels of heart fatty
acid binding protein are altered during early phases of Alzheimer’s
disease. J Alzheimers Dis. 2010;22:1281-1288.

Olsson B, Hertze J, Ohlsson M, et al. Cerebrospinal fluid levels of heart
fatty acid binding protein are elevated prodromally in Alzheimer’s
disease and vascular dementia. J Alzheimers Dis. 2013;34:673-679.
Desikan RS, Thompson WK, Holland D, et al. Heart fatty acid bind-
ing protein and AB-associated Alzheimer’s neurodegeneration. Mol
Neurodegener. 2013;8:39.

Dhiman K, Blennow K, Zetterberg H, Martins RN, Gupta VB. Cere-
brospinal fluid biomarkers for understanding multiple aspects of
Alzheimer’s disease pathogenesis. Cell Mol Life Sci. 2019;76:1833-
1863.

Twohig D, Nielsen HM. a-synuclein in the pathophysiology of
Alzheimer’s disease. Mol Neurodegener. 2019;14:23.

Baiardi S, Quadalti C, Mammana A, et al. Diagnostic value of plasma
p-taul81, NfL, and GFAP in a clinical setting cohort of prevalent
neurodegenerative dementias. Alzheimers Res Ther. 2022;14:153.
Delaby C, Alcolea D, Carmona-Iragui M, et al. Differential levels of neu-
rofilament light protein in cerebrospinal fluid in patients with a wide
range of neurodegenerative disorders. Sci Rep. 2020;10:9161.

Gao W, Zhang Z, Lv X, et al. Neurofilament light chain level in
traumatic brain injury: a system review and meta-analysis. Medicine.
2020;99:e22363.

Mattsson-Carlgren N, Leuzy A, Janelidze S, et al. The implications of
different approaches to define AT(N) in Alzheimer disease. Neurology.
2020;94:e2233-e2244.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Clinical Interventions

Brosseron F, Maass A, Kleineidam L, et al. Serum IL-6, sAXL, and YKL-
40 as systemic correlates of reduced brain structure and function in
Alzheimer’s disease: results from the DELCODE study. Alzheimers Res
Ther.2023;15:13.

Connolly K, Lehoux M, O’'Rourke R, et al. Potential role of chitinase-3-
like protein 1 (CHI3L1/YKL-40) in neurodegeneration and Alzheimer’s
disease. Alzheimers Dement. 2023;19:9-24.

Shen XN, Niu LD, Wang YJ, et al. Inflammatory markers in Alzheimer’s
disease and mild cognitive impairment: a meta-analysis and systematic
review of 170 studies. J Neurol Neurosurg Psychiatry. 2019;90:590-598.
Janelidze S, Mattsson N, Stomrud E, et al. CSF biomarkers of neu-
roinflammation and cerebrovascular dysfunction in early Alzheimer
disease. Neurology. 2018;91:e867-e877.

Bowser R, An J, Mehta L, et al. Effect of sodium phenylbutyrate
and taurursodiol on plasma concentrations of neuroinflammatory
biomarkers in amyotrophic lateral sclerosis: results from the CEN-
TAUR trial. J Neurol Neurosurg Psychiatry. 2024;95:605-608. doi:10.
1136/jnnp-2023-332106

Abe T, Tohgi H, Isobe C, Murata T, Sato C. Remarkable increase in
the concentration of 8-hydroxyguanosine in cerebrospinal fluid from
patients with Alzheimer’s disease. J Neurosci Res. 2002;70:447-450.
Abou-Elela DH, EI-Edel RH, Shalaby AS, Fouaad MA, Sonbol AA. Telom-
ere length and 8-hydroxy-2-deoxyguanosine as markers for early
prediction of Alzheimer disease. Indian J Psychiatry. 2020;62:678-
683.

Massaad CA, Klann E. Reactive oxygen species in the regulation of
synaptic plasticity and memory. Antioxid Redox Signal. 2011;14:2013-
2054.

Sedzikowska A, Szablewski L. Insulin and insulin resistance in
Alzheimer’s disease. Int J Mol Sci. 2021;22:9987.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing

Information section at the end of this article.

How to cite this article: Arnold SE, Hendrix S,
Nicodemus-Johnson J, et al. Biological effects of sodium
phenylbutyrate and taurursodiol in Alzheimer’s disease.
Alzheimer’s Dement. 2024;10:12487.
https://doi.org/10.1002/trc2.12487


https://doi.org/10.1136/jnnp-2023-332106
https://doi.org/10.1136/jnnp-2023-332106
https://doi.org/10.1002/trc2.12487

	Biological effects of sodium phenylbutyrate and taurursodiol in Alzheimer’s disease
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Trial design and oversight
	2.2 | Participants
	2.3 | Interventions
	2.4 | Clinical efficacy outcomes
	2.5 | CSF biomarker outcomes
	2.6 | Statistical analysis

	3 | RESULTS
	3.1 | Trial participants
	3.2 | Clinical outcomes
	3.3 | Biomarkers

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


