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Abstract

INTRODUCTION: Sodium phenylbutyrate and taurursodiol (PB and TURSO) is

hypothesized tomitigate endoplasmic reticulum stress andmitochondrial dysfunction,

two of manymechanisms implicated in Alzheimer’s disease (AD) pathophysiology.

METHODS: The first-in-indication phase 2a PEGASUS trial was designed to gain

insight into PB and TURSO effects on mechanistic targets of engagement and dis-

ease biology in AD. The primary clinical efficacy outcome was a global statistical test

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 Aβ42/40 ratio, p-tau181, 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 andmitochondrial 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.

∙ PB and TURSO reduced exploratory biomarkers of AD and neurodegeneration.

∙ Supports further clinical development of PB and TURSO in neurodegenerative

diseases.

1 BACKGROUND

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).1,2

AD is distinguished by the presence of amyloid beta (Aβ)—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.1–5 As such, a strong rationale exists for therapies target-

ingmultiple pathways simultaneously in AD.

An oral, fixed-dose sodium phenylbutyrate and taurursodiol combi-

nation (PB and TURSO) is hypothesized to simultaneously mitigate ER

stress and mitochondrial dysfunction. Preclinical studies show that PB

and TURSO may individually reduce neuronal death.6,7 PB is a class

I and class II histone deacetylase (HDAC) inhibitor that decreases ER

stress response by upregulating chaperone proteins.8,9 PB was shown

to reduceAβ plaque burden, tau hyperphosphorylation, and hippocam-

pal neurodegeneration and improve cognitive performance measures

in murine AD models.10–13 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.6 In preclinical studies

in an APP/PS1 mouse model of AD, TURSO reduced hippocampal and

frontal cortex amyloid deposition14–16 and astrocyte and microglia
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activation.16 The combination of PB and TURSO for 1 month at a 200-

mg/kg dose was shown to reduce soluble Aβ (preferentially Aβ42) in
an acute, pre-plaque Tg2576 mouse model of AD (data on file, Amy-

lyx Pharmaceuticals, Inc.). ER stress andmitochondrial dysfunction are

among several pathogenicmechanisms AD shares with other neurode-

generative diseases, including amyotrophic lateral sclerosis (ALS) in

which PB and TURSO has also been studied.17–20

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 frommild 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,21 PB and TURSO had an

acceptable safety profile andwas generallywell tolerated in PEGASUS;

a greater proportion of gastrointestinal adverse events was seen in the

PB and TURSOgroup comparedwith placebo (similar to theCENTAUR

trial in ALS19). 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

andmild tomoderate 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, Aβ42, 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 aGeriatric Depression Scale total

score of <7. For individuals receiving a cholinesterase inhibitor and/or

memantine, these treatments must have been initiated ≥3 months

prior tobaseline, and thedosing regimenmusthave 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.

RESEARCH INCONTEXT

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 sodiumphenylbutyrate 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 yielded changes in cerebrospinal fluid

biomarkers of core AD pathology (ie, amyloid beta and

tau), synaptic and neuronal degeneration, gliosis, and

DNA oxidation comparedwith 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.19

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-

pointsmeasuring 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-

mentaryMethods.

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 Aβ42/40 ratio, p-tau181, and total

tau2,22; (2) biomarkers reflecting synaptic and neuronal degeneration,

including neurogranin,22,23 fatty acid binding protein-3 (FABP3),24

and neurofilament light chain (NfL)25; (3) biomarkers associated

with gliosis, including YKL-40 (also known as chitinase 3-like protein

1)26 and glial fibrillary acidic protein (GFAP)26; (4) the inflammation-

related biomarkers interleukin (IL)-6,27 IL-8,28 IL-15,29 monocyte

chemoattractant protein-1/C-C motif chemokine ligand 2 (MCP-

1/CCL2),30 macrophage inflammatory protein-1 beta (MIP1β),31

and matrix metalloproteinase-10 (MMP-10)28,32,33; (5) the oxidative

stress marker 8-hydroxy-2-deoxyguanosine (8-OHdG);34 and (6)

metabolic biomarkers including soluble insulin receptor (sIR [insulin

resistance])35 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 regardingCSF sample collection, handling, and

analysis are provided in the SupplementaryMethods.

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 GSTwas calculated

for eachparticipant as amean 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 sameMMRMwas used

to estimate changes from baseline for all secondary clinical efficacy

outcomes. Procedures for handlingmissing data are summarized in the

SupplementaryMethods.

Biomarker analyses were performed on the CSF subcohort, a sub-

set of the ITT cohort consisting of participants who completed the

studywith 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 ε4 (APOE ε4) 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 producedpredominantly bymicroglia and/or other

immune cells (eg, lymphocytes) in the brain and CSF (ie, IL-6,37 IL-8,38

IL-15,39 MCP-1/CCL2,38 MIP1β,40 and MMP-1033), an inflammatory

composite index was calculated by averaging z-transformed data for

these biomarkers.

For each CSF biomarker, treatment group effects were assessed in

twoways. First, within each group, we used paired t-tests to determine

the change between baseline andWeek 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 ε4 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 ε4 status, and baselineMoCA 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 andTURSOversus 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

thebiomarker analyses either because theydiscontinued 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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Assessed for eligibility (N=133) Excluded (n=38)

• MoCA score <7 (n=15)

• Not willing or able to complete all procedures 

(n=5)

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

• GDS >7 (n=3)

• Other (n=12)
Randomized (n=95)

Placebo (n=44)

ITT Population

PB and TURSO (n=51)

ITT Population

Discontinued early (n=2)
• Withdrawal by participant

AE (n=2)

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)

96% completers (n=42)

all study visits

80% completers (n=41)

all study visits*

77% in CSF subcohort†

n=34

64% in CSF subcohort†

n=33

F IGURE 1 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 andWeek 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

Characteristic

ITT cohort

(N= 95)

CSF subcohort

(n= 67)

PB and TURSOCSF

subcohort (n= 33)

Placebo CSF

subcohort (n= 34)

p-value, placebo vs. PB
and TURSO statistic

Age, mean (SD), years 70.7(7.5) 70.1 (7.4) 70.1 (7.6) 70.1 (7.3) t= 0.02; p= 0.99

Female, % 45.3 40.3 33.3 47.1 χ2= 1.32; p= 0.25

Education, mean (SD) years 16.1 (2.7) 15.9 (2.8) 16.2 (2.8) 15.7 (2.8) t= 0.78; p= 0.43

White race, % 96.8 97.0 97.0 97.1 χ2= 0; p= 0.98

APOE ε4 positive, % 69.6 69.7 78.1 61.8 χ2= 2.11; p= 0.15

MoCA score, mean (SD) 17.9 (4.9) 18.4 (5.2) 17.3 (5.4) 19.4 (4.8) t= 1.69; p= 0.09

FAQ score, mean (SD) 11.4 (7.3) 10.7 (7.1) 11.3 (7.8) 10.1 (6.3) t= 0.72; p= 0.48

Abbreviations: APOE ε4, apolipoprotein E gene ε4 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 ε4 genotype, and MoCA score, but none were

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.

3.2 Clinical outcomes

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

24 in the GST (primary efficacy outcome, calculated from the mean

z-score across the three component endpoints at each time point)
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

F IGURE 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 andWeek 24 for the following: core AD biomarkers, namely Aβ42/40 (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,
MIP1β, andMMP-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 [CI]: −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

MIP1β (p = 0.0211), all of which increased over the 24-week study

duration. Treatment with PB and TURSO yielded 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 biomarkerYKL-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 Aβ42/40 ratio (p = 0.07). No group-wise differences

were observed for other biomarkers in the PB and TURSO treatment

group.

A regressionmodel 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

Aβ42/40 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,

andAPOE ε4 genotype to the regressionmodels 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, fromMCI to

moderate dementia, and incorporated multiple clinical, neuroimaging,

and CSF biomarker endpoints to evaluate proof of concept of PB and

TURSO forADand to inform further clinical development anddesignof

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

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 TURSOengagement of several pathophysiologic tar-

gets in AD, including Aβ, tau, and neurodegeneration, across a sample

of individuals with a broad range of disease severity.

PB andTURSOmay reduceADpathologies 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 Aβ and tau pathologies.2,3 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.11,41 PB

may also act as a chemical chaperone, binding exposed hydrophobic

segmentsof unfoldedproteins, stabilizingprotein structure, and reduc-

ing ER stress.9 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, thusdecreasing apoptotic cell death.6 Growingevidence 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.42

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 ADpathology.43,44 PB and TURSO also raised the

ratio of CSF Aβ42/40. Lower CSF Aβ42/40 ratios have been reported

to signify the presence of AD as the underlying cause of dementia

and MCI/prodromal dementia.45 In addition, the CSF Aβ42/40 ratio

has shown greater concordance with amyloid PET imaging than Aβ42
alone46–48 and inversely correlates with cerebral β-amyloid level.49 PB

and TURSO may lower cerebral β-amyloid levels through enhanced

mitochondrial activity in microglia, augmenting phagocytosis and Aβ
clearance.50 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.51 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.22,23,52 In line 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 Aβ42 levels in
AD, presumably because amyloid plaque burden does not correspond

8-hydroxy-2-deoxyguanosine; 24-OHC, 24S-hydroxycholesterol; Aβ, 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;MIP1β, 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.22,23

FABP3 is a fatty acid-binding protein abundant in the cytoplasm

and highly expressed in the brain.24,53–55 In 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.24,53–57 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 α-synuclein, a suspected

mediator of tau hyperphosphorylation.24,53–58

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.59–61

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.62

For example, longitudinal studies indicate that NfL increases may slow

during the symptomatic course of AD, following an initial increase.62

Evolving evidence suggests that neuroinflammation plays an early

role in AD progression.63,64 We examined biomarkers primarily pro-

duced by microglia and lymphocytes in the brain and CSF (cytokines,

chemokines, andMMP-10)33,37–40 and astrocytes (GFAP and YKL-40),

keymediators of neuroinflammation in AD.64 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 toWeek 24 in the latter.While no changes in GFAPwere observed

in our analyses, PB and TURSOdecreasedCSF levels of YKL-40, a chiti-

nase expressedby astrocytes uponmicroglial activation.64 CSFYKL-40

is elevated in the earliest stages of AD, and levels have been shown to

correlatewith total tau andp-tau181aswell as cortical volume loss and

rate of cognitive decline.64–66 Consistent with our findings in PEGA-

SUS, a significant decrease in plasma YKL-40 was observed over 24

weeks inparticipantswithALS receivingPBandTURSOversusplacebo

in the CENTAUR trial.67

In the PB and TURSO group, we saw an increase in 8-OHdG, a prod-

uct of DNAoxidation that correlateswith generalmitochondrial oxida-

tive metabolism and stress.34 In prior studies, significantly elevated

8-OHdG levels were observed in the CSF34,68 and plasma69 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.70 In most reported

studies of neurological diseasemodels, TURSO is neuroprotective.42

We also examined biomarkers of metabolic pathways that are

altered in AD, including insulin resistance (sIR)35,71 and cholesterol

turnover (24-OHC).36 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.35 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.36

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 Aβ and tau measures in people with a range

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 aremost 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 ADmodels, the findings of our analysis provide sup-

port for further clinical development of PB and TURSO for AD andmay

be used to inform the design of subsequent trials.
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Additional supporting information can be found online in the Support-
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