Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

HEALTH AND MEDICINE

Targeting postsynaptic glutamate receptor scaffolding
proteins PSD-95 and PICK1 for obesity treatment

Nicole Fadahunsi't, Jonas Petersen'2t, Sophia Metz't, Alexander Jakobsen3,

Cecilie Vad Mathiesen’, Alberte Silke Buch-Rasmussen'?, Nigel Kurgan1, Jeppe Kjeergaard Larsen’,
Rita C. Andersen®, Thomas Topilkos, Charlotte Svendsen’, Mia Apuschkin3,

Grethe Skovbjerg1'5, Jan Hendrik Schmidt?, Grace Houser?, Sara Elgaard Jager3,

Anders Bach?, Atul S. Deshmukh’, Tuomas O. KineIﬁinen‘, Kristian Stmmgaardz,

Kenneth L. Madsen?, Christoffer Clemmensen’*

Copyright © 2024 e
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

Human genome-wide association studies (GWAS) suggest a functional role for central glutamate receptor signaling
and plasticity in body weight regulation. Here, we use UK Biobank GWAS summary statistics of body mass index
(BMI) and body fat percentage (BF%) to identify genes encoding proteins known to interact with postsynaptic
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-p-aspartate (NMDA) receptors. Loci
in/near discs large homolog 4 (DLG4) and protein interacting with C kinase 1 (PICK7) reached genome-wide signifi-
cance (P < 5 x 10-®) for BF% and/or BMI. To further evaluate the functional role of postsynaptic density protein-95
(PSD-95; gene name: DLG4) and PICK1 in energy homeostasis, we used dimeric PSD-95/disc large/Z0-1 (PDZ)
domain-targeting peptides of PSD-95 and PICK1 to demonstrate that pharmacological inhibition of PSD-95 and
PICK1 induces prolonged weight-lowering effects in obese mice. Collectively, these data demonstrate that the
glutamate receptor scaffolding proteins, PICK1 and PSD-95, are genetically linked to obesity and that pharmaco-
logical targeting of their PDZ domains represents a promising therapeutic avenue for sustained weight loss.

INTRODUCTION
The global prevalence of obesity has tripled since 1975, and it is esti-
mated that >2 billion people will be living with overweight or obesity
by 2030 (1, 2). Obesity is a risk factor for several severe noncom-
municable diseases, including type 2 diabetes, cardiovascular disease,
and cancer (3, 4). The development of long-acting glucagon-like
peptide 1 receptor (GLP-1R) agonists and combined GLP-1R and
glucose-dependent insulinotropic polypeptide (GIP) receptor co-
agonists represents much-needed breakthroughs in obesity treatment
(5, 6), yet these drugs are faced with a series of challenges. In addition
to compliance issues, a large number of patients fail to reach a
weight loss of >5% and substantial weight regain is seen for most
patients after treatment cessation (7). Thus, it is clear that in parallel
with the broad commercialization of incretin-based therapies, there
is a growing need for medications with a different mode of action.
Over the past decade, genome-wide association studies (GWAS)
have revealed numerous biological pathways that might contribute
to obesity pathogenesis (8). Notably, many of the genes and pathways
identified through genetic studies are enriched or exclusively expressed
in the brain, emphasizing a key role of the central nervous system
(CNS) in the pathobiological mechanisms underlying obesity (9).
Genes relating to glutamatergic signaling and postsynaptic plasticity
that are linked to a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and N-methyl-p-aspartate (NMDA) receptors are
particularly enriched in genetic studies of obesity, pointing to an
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important role of the glutamatergic neurotransmitter system in the
homeostatic mechanisms governing energy balance. Although in-
completely mapped, a role for glutamate receptor-linked synaptic plas-
ticity has also been identified in rodent studies related to energy
metabolism (10-14). However, these pathways have yet to be carefully
scrutinized for therapeutic utility in the context of obesity treatment.

Rodent studies confirm the potential weight-lowering benefits of
disrupting NMDA receptor signaling (15-17). In addition, there is
evidence supporting the idea that antagonizing AMPA receptors
could mitigate food-motivated behavior (18, 19). However, AMPA
and NMDA receptors are ubiquitously expressed throughout the
CNS, and chemical modulators of these receptors are typically
marred with off-target effects (20, 21). To circumvent these, scientists
have begun exploring therapeutic targeting of intracellular receptor
protein complexes to attain precise interference of postsynaptic re-
ceptor signaling (22). Both AMPA and NMDA receptors directly
interact with intracellular scaffolding proteins, which participate in
the anchoring and trafficking of glutamate receptors at the membrane
(23). Many of these scaffolding proteins contain postsynaptic density
protein-95 (PSD-95)/disc large/ZO-1 (PDZ) domains (23). PDZ
domain-containing proteins support the formation and stability of
postsynaptic glutamate receptor complexes and are emerging as
promising targets for a variety of CNS disorders such as stroke and
neuropathic pain (22, 24, 25). However, the involvement of this class
of proteins in obesity pathogenesis and their therapeutic potential
for weight loss have not been investigated.

RESULTS

Genetic screen of glutamate receptor-interacting PDZ
domain-containing proteins

Genetic studies provide a unique opportunity to identify novel targets
for obesity in free-living populations (26). Aiming to identify druggable
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targets for obesity treatment, we searched for proteins that are com-
posed of at least one PDZ domain and that are known to engage in
protein-protein interactions with glutamatergic AMPA or NMDA
receptors. We identified six proteins that fulfill these criteria: glutamate
receptor—interacting protein 1 (GRIP1), GRIP2, protein interacting
with C kinase 1 (PICK1), PSD-95 [gene name discs large homolog
4 (DLG4)], synapse-associated protein 97 (SAP97; gene name DLGI),
and SAP102 (gene name DLG3) (Fig. 1A). To investigate associations
of genetic variants in or near the six genes with obesity phenotypes,
we screened all autosomal variants within a +500-kb region around
the transcription start site for association with body mass index
(BMI) and body fat percentage (BF%) in the UK Biobank. The DLG3
gene was excluded because of its location on the X chromosome, for
which no relevant GWAS data on BMI or BF% are currently available.
The DLG4 and PICKI regions showed a genome-wide significant
(P < 5 x 107%) association with BF% and DLG4 also with BMI,
whereas no genome-wide significant association was identified in
the GRIPI, GRIP2, DLGI, or DLG2 gene regions (Fig. 1B and table S1).
Accordingly, the loci around DLG4 and PICKI were selected for
phenome-wide association study (pheWAS) analysis.

Phenome-wide associations of the DLG4 and PICK1 loci with
obesity traits

We assessed the genetic link between the DLG4 and PICK1 loci and
obesity by investigating phenome-wide associations with anthropo-
metric traits in the UK Biobank (Figs. 2A and 3A). We identified
three linkage disequilibrium (LD) blocks (#* < 0.1) in the DLG4 locus,
of which two (lead variants rs2242449 and rs144129583) contained
a genome-wide significant association with BF% (Fig. 2, A and B).
The rs2242449 variant was also genome-wide significantly associated
with BMI (P < 4.1 X 10™°). Both rs2242449 and rs144129583 showed
an association with body fat traits and not fat-free mass or height
(Fig. 2C). The rs2242449 variant is an expression quantitative trait
locus (eQTL) for DLG4 in the dorsolateral prefrontal cortex (DLPFC)
(P=1.4x 1077) (Fig. 2C), whereas no eQTL association was found
for rs144129583.

The PICKI locus revealed two independent signals (r* < 0.1)
genome-wide significantly associated with BF% and fat mass traits,
but not with BMI or fat-free mass (Fig. 3, A and B). The lead single-
nucleotide polymorphisms (SNPs), rs17752670 and rs4821764, are
eQTLs for PICK1 in the blood (rs17752670: P = 3.3 x 10™'* and

AMPAR NMDAR

PICK1 PSD95

SAP102

GRIP1
GRIP2

SAP97

rs4821764: P = 4.9 x 107'%) (Fig. 3C). Together, the genetic data
suggest a connection between both DLG4 and PICKI and obesity,
possibly mediated via different pathways (central versus peripheral,
respectively), as indicated by the eQTL associations of the lead SNPs.

Pharmacological inhibition of PSD-95 lowers body weight in
obese mice
PSD-95, the protein product of the DLG4 gene, is a highly abundant
component of the postsynaptic density (27). PSD-95 is involved in
the regulation of NMDA and AMPA (via the protein stargazin)
receptor trafficking and stabilization mediated via its PDZ domains
(28, 29). The physiological and pharmacological role of PSD-95 in
energy balance regulation remains elusive, and it has not yet been
investigated as a drug target for weight loss. To probe the functional
relevance of the link between DLG4 and obesity, we explored whether
pharmacological targeting of PSD-95 lowers body weight in diet-
induced obese (DIO) mice. We have previously developed a potent
dimeric peptide-based inhibitor of PSD-95 (UCCBO01-147; Fig. 4, A
and B) for the treatment of ischemic stroke with the aim of uncou-
pling NMDA receptor activity from nitric oxide synthesis (30, 31).
Here, we demonstrate that daily subcutaneous injections of UCCBO01-
147 dose-dependently lower body weight and food intake in DIO
mice, and show that 25 mg kg™' appears to be well tolerated for
chronic dosing (fig. S1, A to G). Next, we assessed the effects of 14 days
of repeated UCCBO01-147 dosing on energy balance, glycemic control,
and plasma lipid markers in DIO mice (Fig. 4C). We observed a 9%
reduction in body weight, which was accompanied by a decrease in
food intake (Fig. 4, D to G). The reduction in body weight was reflected
in a selective loss of fat mass (Fig. 4H). Acute treatment with
UCCBO01-147 did not influence blood glucose levels assessed over
a 24-hour period (Fig. 4, I and J). Glucose tolerance was unchanged
after 7 days of treatment (fig. S1, H and I) but was improved following
14 days of treatment (Fig. 4, K and L). Plasma insulin and HOMA-IR
score were not affected by UCCBO01-147 treatment (Fig. 4M and
fig. S1J), while plasma cholesterol and triglycerides were elevated
following 14 days of treatment (Fig. 4, N and O). The changes in
plasma lipids were not reflected in hepatic transcriptional changes
in genes related to inflammation, glucose, or lipid metabolism
(fig. S1K).

To ensure that the UCCB01-147-induced weight loss is not driven
by off-target effects, we engineered an inactive UCCB01-147 analog
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Fig. 1. Overview of PDZ domain-containing proteins and the associations of genetic variants in the corresponding gene regions with BF% and BMI. (A) PDZ
domain-containing proteins that interact with glutamatergic AMPA or NMDA receptors: GRIP1, GRIP2, PICK1, PSD-95 (DLG4), SAP97 (DLGT), and SAP102 (DLG3). (B) Genetic
variants in the PICKT (rs17752670) and DLG4 (rs2242449) loci reached genome-wide significance [shown as —log;o(P)] for association with BF% and BMI.

Fadahunsi et al., Sci. Adv. 10, eadg2636 (2024) 1 March 2024
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Fig. 2. Human SNPs in the 1-Mb DLG4 region on chromosome 17 are associated with BF%. (A) PheWAS for anthropometric traits in unrelated British individuals from
the UK Biobank. The illustrated SNPs (x axis) are lead SNPs for the presented anthropometric traits (y axis). The highlighted SNPs rs2242449 and rs144129583 are lead SNPs
for BF% in the locus. Icon colors are used to distinguish between the traits. (B) LD map of lead SNPs for anthropometric traits. Three LD blocks are identified in the locus
chr17:6608115-7608115. LD blocks 1 and 3 show associations with BF% [rs2242449 (BF%): P =7.22 X 10’9, p=0.011,rs144129583 (BF%): P = 2.19 X 10’8, B =0.022].The
strongest associations in LD blocks 2 and 3 are with height. (C) rs2242449 is associated with DLG4 transcript level in brain DLPFC tissue (P = 1.4 x 107~7) and located in an
intron of DLG4. eQTL data were derived from Open Targets Genetics (https://genetics.opentargets.org/).

by introducing two alanine mutations to the pentapeptide, resulting
in a peptide with comparable chemical structure but with essentially
no binding to PSD-95 (UCCBO01-144AA; Fig. 4P) (32). Next, we
conducted a head-to-head comparison between equimolar dosing
of UCCBO01-147 and UCCB01-144AA to assess their weight-lowering
efficacies in DIO mice. In contrast to UCCB01-147, treatment with
UCCBO01-144AA did not affect body weight or food intake (Fig. 4, Q
to T), indicating that the weight-lowering effects of UCCB01-147
are mediated by PSD-95 inhibition. This notion was corroborated in
a follow-up study in which we assessed the weight loss efficacy of a
less potent monomeric peptide-based PSD-95 inhibitor, nerinetide
(NA-1) (fig. S1, Land M) (25, 33). Equimolar dosing of NA-1 reduced
body weight and food intake with less efficacy than UCCB01-147 in
DIO mice (fig. S1, N to Q). Together, these results emphasize that
pharmacological PSD-95 disruption is a promising strategy for obesity
treatment.

Fadahunsi et al., Sci. Adv. 10, eadg2636 (2024) 1 March 2024

Pharmacological inhibition of PICK1 lowers body weight in
obese mice

The PDZ domain of PICK1 interacts with the C termini of the GluA2
and GluA3 subunits of AMPA receptors to regulate receptor trafficking
(34). To study the functional role of PICK1 in energy homeostasis,
we developed a lipidated variant of a selective dimeric PICK1 peptide
inhibitor (mPD5) that interferes with PICK1-dependent phosphory-
lation of AMPA receptors (Fig. 5, A and B) (35). We demonstrate that
mPD5 dose-dependently lowers body weight in obese mice and
identify 56 mg kg™ to be well tolerated for chronic studies (fig. S2,
A to G). Subsequently, we conducted a 14-day study with once-daily
subcutaneous dosing and demonstrated that mPD5 treatment in-
duced a 9.8% vehicle-corrected weight loss (Fig. 5, C to E). The
weight loss was reflected in a selective loss of fat mass and coincided
with a reduction in food intake (Fig. 5, F to H). Global knockout of
PICK1 impairs glucose tolerance (36), and overexpression of PICK1
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Fig. 3. Human SNPs in the 1-Mb PICK1 region on chromosome 22 are associated with BF%. (A) PheWAS for anthropometric traits in unrelated British individuals from
the UK Biobank. The illustrated SNPs (x axis) are lead SNPs for the presented anthropometric traits (y axis). The highlighted SNPs rs17752670 and rs4821764 are lead SNPs
for BF%. Icon colors are used to distinguish between the traits. (B) LD map of lead SNPs for anthropometric traits. Two LD blocks are identified in the locus chr22:37962013-
38962013 that are independently associated with BF% (rs17752670: P = 9.59 X 10’9, B =-0.013,rs4821764: P =9.42 X 10’18, p=-0.016). (C) PICKT is located in between
the lead SNPs, and eQTL analysis from Open Target Genetics (https://genetics.opentargets.org/) reveals significant association of both lead SNPs with PICK1 transcript

level in blood.

in diabetic db/db mice improves glucose tolerance (37). In line with
this, we observed that acute treatment with mPD5 transiently in-
creased blood glucose levels but that chronic treatment improved
glucose tolerance (Fig. 5,1 to L, and fig. S2, H and I). The improvement
in glucose tolerance was not reflected in changes in HOMA-IR
score, plasma insulin or triglyceride levels but was accompanied by
significantly lower levels of circulating cholesterol (Fig. 5, M to O,
and fig. S2J). Except for a subtle increase in II-1b mRNA levels, hepatic
gene expression of targets relating to inflammation, glucose, and
lipid metabolism was unaltered in response to chronic mPD5 treatment
(fig. S2K).

To confirm the target specificity of mPD5, we conducted a 7-day
weight loss study in high-fat diet-fed global PICK1 knockout mice
(Fig. 5P). We found that the body weight- and food intake-lowering
effects of mPD5 observed in DIO wild type littermate mice were
completely abolished in the PICK1 knockout mice, underscoring
that the appetite-suppressing and weight-lowering effects of mPD5
are mediated via PICK1 (Fig. 5, Qto S).

Fadahunsi et al., Sci. Adv. 10, eadg2636 (2024) 1 March 2024

Metabolic characterization of PSD-95 and PICK1

targeting inhibitors

We report that the weight-lowering benefits of both UCCB01-147
and mPD5 are linked to reduced food intake. To understand whether
changes in energy expenditure also contribute to the anti-obesity
effect of these drug candidates, we used indirect calorimetry (Fig. 6A
and fig. S3, A to G). In agreement with our previous results, we ob-
served that both UCCBO01-147 and mPD5 evoked a vehicle-corrected
weight loss of ~10% over a 10-day treatment period reflected in a
reduced food intake (Fig. 6, B to E). A numerical reduction in energy
expenditure was observed for both compounds, and this reduction
was statistically significant for mPD5-treated mice during the active
phase relative to vehicle (Fig. 6, F and G). Unexpectedly, we found
an increase in Dio2 mRNA in brown adipose tissue (BAT) following
treatment with both UCCB01-147 and mPD5, and UCCB01-147 also
increased Ppargcla in BAT and Ucpl in inguinal white adipose tissue
(fig. S3, H to K). Both compounds reduce respiratory exchange ratio
indicative of an increased utilization of fat as a metabolic substrate
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Fig. 4. Pharmacological inhibition of the PSD-95/nNOS/NMDA receptor complex reduces adiposity in DIO mice. (A) Mechanism of action of PSD-95 inhibitor
UCCBO01-147 disrupting the PSD-95/nNOS/NMDA receptor complex. (B) Chemical structure of UCCBO1-147. (C) Experimental design of the study in which DIO male
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(S) Cumulative food intake. (T) Total food intake. Data were analyzed by two-tailed unpaired t test (E, G, H, J, and L to O), one-way analysis of variance (ANOVA), multiple
comparison, Bonferroni post hoc test (R and T), and two-way ANOVA, multiple comparisons, Bonferroni post hoc test (D, F, |, K, Q, and S). Data represent means + SEM;
*P < 0.05, #*P < 0.01, ***P < 0.001, and ****P < 0.0001. Asterisks denote comparison between UCCB01-147 and UCCB01-144AA (Q and S).
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(Fig. 6, H and I). Total movement was not altered by UCCB01-147
or mPD5; however, a closer examination suggests a transient de-
crease in locomotion in the initial hours following mPD5 adminis-
tration (Fig. 6, ] and K). This was corroborated by a movement
phenotype in the open-field test (Fig. 6, L and M). It is not uncommon
for weight loss agents to elicit a hypolocomotive phenotype, occa-
sionally associated with aversion. To explore that hypothesis, we
conducted a conditioned taste aversion study using the two-bottle
saccharin preference test paradigm (Fig. 6N and fig. S3, L to Q). In
contrast to the positive control, semaglutide (30 nmol kg_l), along-
acting GLP-1 receptor agonist, mPD5, and UCCB01-147 did not
reduce saccharin consumption or total liquid consumption com-
pared to vehicle (Fig. 6, O and P). These data suggest that both
UCCBO01-147 and mPD5 lower body weight through a nonaversive
reduction in food intake. Additional research is required to compre-
hend the transient impact on movement observed after mPD5
administration.

Effects of pharmacological PSD-95 and PICK1 inhibition on
brain activity and signaling

To map the global neuronal activity signatures following acute treat-
ment with mPD5 and UCCBO01-147, we used light sheet microscopy
and c-Fos immunohistochemistry enabling quantitative whole-brain
c-Fos expression profiles (Fig. 7A) (38, 39). mPD5 administration,
but not UCCBO01-147 administration, gave rise to a pronounced in-
duction of whole-brain c-Fos expression compared to vehicle (Fig. 7,
B and C). Volcano plot visualization revealed that mPD5 powerfully
engages several brain regions involved in appetite regulation, i.e.,
subregions of the brainstem [area postrema (AP), dorsal motor nucleus
of the vagus nerve (DMX), and nucleus of the solitary tract (NTS)]
and the multiple hypothalamic subnuclei including the arcuate nucleus
(ARC) and paraventricular hypothalamic nucleus (PVN) (Fig. 7, D
to G). In contrast, UCCBO01-147 gave rise to subtle changes in c-Fos
expression compared to vehicle, and no significant increase in neuronal
activity was observed in canonical appetite-regulating brain regions
(Fig. 7, E, E, and H). It is crucial to emphasize that the absence of a
distinct whole-brain c-Fos response following the administration of
UCCBO01-147 does not negate the possibility of a central mode of
action. Instead, it suggests that interference with neuronal PSD-95
does not trigger a neuronal activity pattern conducive to c-Fos in-
duction. While it cannot be ruled out that the compounds may exert
some effects peripherally, the probability of major peripheral effects
of UCCBO01-147 appears low, considering the low expression of
PSD-95 (Dlg4) in peripheral organs (fig. S4, A and B). Conversely,
Pickl mRNA can be detected in several peripheral tissues (fig. S4, A
and B), yet the widespread neuronal c-Fos signal underscores that
mPD5 engages multiple brain circuits.

Given the key role for the hypothalamus in central control of
body weight and food intake, we performed RNA sequencing on
hypothalamic samples obtained from DIO mice treated for 5 days
with UCCBO01-147, mPD5, or vehicle (fig. S5, A and B). Whereas
treatment with mPD?5 resulted in significant transcriptional regulation
in the hypothalamus, UCCB01-147 did not alter gene expression
beyond the adjusted threshold for statistical significance (fig. S5, C and
D). Conversely, when assessing enrichment of functional terms, we
noted that UCCBO01-147 affected transcriptional signatures relating to
extracellular matrix, angiogenesis, and synaptic function (fig. S5E). For
mPD5, we observed enrichment of functional terms associated with
cellular energy metabolism and mitochondrial bioenergetics (fig. S5F).

Fadahunsi et al., Sci. Adv. 10, eadg2636 (2024) 1 March 2024

Region-specific effects on brain proteome following
UCCBO01-147 and mPD5 treatment

To further interrogate the neuronal underpinnings underlying the
weight-lowering effects of mPD5 and UCCBO01-147, we conducted
mass spectrometry (MS)-based analyses of the proteome of six
brain regions from DIO mice treated with vehicle, mPD5, or UCCBO01-
147 for 10 days (Fig. 8A and fig. S6, A to C). Principal components
analysis (PCA) revealed a clear separation for brain regions as well
as treatment groups (Fig. 8B and fig. S7, A to D). Using a threshold
of false discovery rate-corrected P value < 0.05 and log; fold change >
1.5, UCCBO01-147 treatment resulted in differential expression of
between 6 proteins in the least affected region (hypothalamus) and
260 proteins in the most affected region [nucleus accumbens (NAc)],
when compared to vehicle (Fig. 8, C and F). In contrast, mPD5
treatment resulted in differential regulation of between 176 proteins
in the least affected region (hypothalamus) and 364 proteins in the
most affected region (brainstem), when compared to vehicle (Fig. 8,
D and F). Although there was minimal overlap among brain regions
in terms of proteins responding to UCCB01-147 treatment (Fig. 8C),
there were 35 proteins that exhibited similar regulation across all
brain regions when comparing mPD5 treatment to vehicle treatment
(Fig. 8, D and E). Aligning with the three-dimensional (3D) c-Fos
imaging and transcriptomics data, UCCBO01-147 had subtle effects
on the hypothalamic proteome. Instead, UCCB01-147 powerfully
affected the proteome in the brainstem and in the NAc and, to a
lesser degree, the cerebellum and the ventral midbrain. While the
largest overlap of differentially expressed proteins (95 in total) between
UCCB01-147 and mPD5 was detected in the NAc (Fig. 8F and fig. S8,
A to]), the region with the most regulation between treatments was
the brainstem (Fig. 8, G and H). When scrutinizing the most differen-
tially regulated proteins (Fig. 81), filtered for an absolute log, fold
change >1.5 and z-scored row-wise, distinct patterns of protein
clusters are evident. It is important to highlight that a negative z
score does not necessarily imply a reduction but can also represent
that the fold change is the lowest among all the comparisons. Protein
cluster analyses revealed increased protein expression in response to
UCCBO01-147 treatment (cluster 3), increased protein expression in
the midbrain in response to both UCCB01-147 and mPD5 treatment
(cluster 5), the highest fold change in the brainstem (cluster 6),
the highest fold change in the midbrain with mPD5 and NAc
with both UCCB01-147 and mPD5 treatments (cluster 7), and the
highest fold change across regions with mPD5 treatment (cluster
10) (Fig. 8I). Overrepresentation analysis of clusters compared to the
total identified proteome revealed Gene Ontology (GO) terms re-
lated to acetylcholine receptor binding (cluster 3), blood coagulation
and inflammation (clusters 5 and 10), cellular response to retinoic
acid and protein tyrosine kinase activity (cluster 6), and glutama-
tergic synapse and neuron spine (cluster 7) (Fig. 8]). Finally, upon
assessing known PICK1 and PSD-95/Dlg4 interactors (identified
with String PPIs), we see mostly a decrease in interacting proteins
across regions and treatments, perhaps reflective of the pro-
longed treatment exposure (Fig. 8K). However, notable exceptions
include a pervasive effect of UCCB01-147 in NAc to increase
the expression of proteins that interact with PSD-95. A similar
scenario is observed in the brainstem with the difference that
UCCBO01-147 in this region increases the expression of PICKI inter-
actors, including PICK1 protein in itself. This might reflect that
PSD-95 can influence AMPA receptor trafficking through star-
gazin (40).
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Fig. 7. Whole brain quantification of c-Fos expression in response to UCCB01-147 or mPD5 treatment. (A) Experimental design of study with whole-brain 3D
mapping and quantification of c-Fos induction in response to acute treatment with mPD5 (56 mg kg™'; n = 8 mice), UCCBO1-147 (25 mg kg™'; n = 8 mice), or vehicle
(isotonic saline, n = 8 mice) in lean C57BL/6J mice. (B) Heatmaps of c-Fos density using spherical averaging (350 pm diameter). (C) Total c-Fos—positive cells in response to
treatments. (D) Volcano plot of brain regions regulated for mPD5 relative to vehicle-treated mice. Light red indicates a log, fold change >0 and Benjamini-Hochberg-
adjusted P < 0.05. Light blue indicates a log; fold change <0 and Benjamini-Hochberg-adjusted P < 0.05. (E) Volcano plot of brain regions regulated for UCCB01-147
relative to vehicle-treated mice. Light red indicates a log; fold change >0 and Benjamini-Hochberg-adjusted P < 0.05. Light blue indicates a log; fold change <0 and
Benjamini-Hochberg-adjusted P < 0.05. (F) Heatmap of c-Fos activity in brain regions involved in body weight and appetite regulation. Data represent log, fold change
relative to the vehicle group average. (G) Top 20 regulated brain areas in response to acute mPD5 (56 mg kg™') treatment represented as log; fold change relative to the
vehicle group average. (H) Top 20 regulated brain areas in response to acute UCCB01-147 (25 mg kg™') treatment represented as log; fold change relative to the vehicle
group average. Data represent mean + SEM; *###P < 0.0001. For brain region abbreviations, please refer to table S2.
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The widespread impact on the proteome beyond the hypothalamus
and the brainstem led us to investigate the effects of UCCB01-147
and mPD5 on sucrose preference as an indicator of hedonic con-
sumption. We noted a nonstatistically significant 18% reduction in
sucrose preference following the administration of both compounds,
with mPD5 exhibiting the most pronounced effect (P = 0.08)
(fig. S9, A to D). Further investigation into the effects of targeting
PSD-95 and PICK1 on the motivational aspects of feeding presents
an interesting avenue for future research.

Pharmacological inhibition of PSD-95 and PICK1 yields
sustained weight loss effects in obese mice

Pharmacological interference with glutamate receptors can induce
lasting neuroplastic effects by diminishing excitatory neurotransmis-
sion, fostering changes in neural circuits, and possibly eliciting sus-
tained disease-modifying benefits. To evaluate the long-term metabolic
effects of mPD5 and UCCBO01-147 treatment, we conducted a 13-day
treatment study followed by a 29-day wash-out/weight recovery period.
In this study, both compounds elicited significant weight-lowering
benefits over the 13-day treatment period (fig. S10, A to C). Consistent
with prior studies, weight loss for both compounds was solely reflected
in a reduction of body fat mass (fig. S10D). Notably, although the half-
life of both PDZ domain-interfering compounds is in the range of
minutes to hours (35), the weight loss was sustained for ~10 days
following treatment cessation. Four weeks after treatment cessation,
mice treated with mPD5 had still not caught up with the body weight
of the vehicle-treated group (fig. S10B), suggesting that PICK1 inter-
ference might have enduring effects on body weight. In a follow-up
study, the sustained weight-lowering effects of mPD5 were assessed
against the GLP-1 receptor agonist, liraglutide (fig. S10, E to G). After
treatment cessation, mPD5-treated mice exhibited a continued weight
loss for 3 days and sustained the lost weight for approximately 8 days.
In contrast, liraglutide-treated mice promptly initiated weight regain
upon treatment cessation, recovering at a faster rate than mPD5-
treated mice. By day 35, liraglutide-treated mice equaled the weight
of the vehicle-treated group, while mPD5-treated mice maintained a
significantly lower weight than the vehicle-treated group (fig. S10H).
To address potential confounding factors linked to differences in
weight loss between liraglutide-treated mice and mPD5-treated
mice, we conducted a study comparing mPD5-treated mice with a
group subjected to caloric restriction to achieve equivalent weight
loss (fig. S10, I and J). Upon cessation of calorie restriction and
mPD5 treatment, the groups immediately diverged in weight regain.
Consistent with previous observations, mPD5-treated mice exhibited
a subdued weight regain after drug cessation, but 16 days into the
recovery period, the groups had reconciled. The initial separation in
weight regain was reflected in a robust counterregulatory hyperphagia
in the calorie-restricted group (fig. S10K). In contrast, the mPD5
group returned to consuming the same amount of calories as the
control mice, showing no compensatory behavior.

DISCUSSION

PICK1 and PSD-95 have previously been identified as opportunistic
targets for the pharmacological treatment of neuropathic pain and
stroke, respectively (33, 41). In the present study, we integrate human
genomic data with in vivo pharmacology in rodents to identify and
functionally validate the implication of PSD-95 and PICK1 in body
weight regulation. We demonstrate that dimeric peptide inhibitors

Fadahunsi et al., Sci. Adv. 10, eadg2636 (2024) 1 March 2024

of PICK1 and PSD-95 drive a selective reduction in body weight and
fat mass and that weight loss is sustained following treatment cessa-
tion. These findings encourage further preclinical assessment of
targeting glutamate receptor scaffolding proteins for the treatment
of obesity.

GWAS have linked AMPA and NMDA receptor biology to BMI
(9, 42). By a targeted genetic association screen, we identified two
independent loci near PICKI and two loci near DLG4 for association
with BF%. We replicate a previously identified locus and highlight
an additional, independent BF% locus near PICKI (43). Similarly,
we replicate a previously reported BMI association for the DLG4 locus
(44) and report a further independent signal associated with both
BMI and BF% in the same gene region. The DLG4 region also contains
a genome-wide significant locus for birth weight (44, 45). However,
the birth weight lead SNP is only moderately correlated with the
BEF% lead SNP we identified (r* ~ 0.4), suggesting that distinct gene
regulatory mechanisms may be implicated in the regulation of pre-
natal growth and adult obesity.

The effectiveness of the PICK1 inhibitor mPD5 in lowering weight
could be attributed to a decrease in food intake and was reflected in
an exclusive reduction in body fat mass. The brain imaging data in-
dicate that mPD5 interacts with canonical feeding regions in the
hypothalamus, including ARC and PVN, as well as in the brainstem,
such as DMX and NTS. Subsequent proteomics data further revealed
that mPD5 appears to be signaling throughout the CNS and regulate
proteins linked to synaptic function and immune responses. We ob-
served no aversive response to mPD5, highlighting the disparity from
incretin-based compounds. Even more intriguing, the sustained
weight-lowering benefits observed after treatment cessation suggest
that PICK1-related interference with AMPA receptor signaling offers
neuromodulatory advantages for maintaining weight loss, extending
beyond explanations provided by pharmacokinetic data. While the
integrated c-Fos and proteomics data offer valuable mechanistic in-
sights, more work is needed to pinpoint the causal site of action of
mPD5 for weight loss. A deeper understanding of the mode of action
of mPD5 could guide further medicinal chemistry refinement, with
the goal of achieving more specific central actions. Such refinement
may also alleviate the temporal sedative effects associated with
mPD5 treatment.

While treatment with the PSD-95 inhibitor, UCCB01-147, echoed
many of the key metabolic benefits of mPD5, such as anorectic effects
and exclusive loss of fat mass, we did observe noticeable differences
between the two molecules. Most apparent was the absence of wide-
spread c-Fos induction in response to acute treatment in the brain.
This could imply two nonexclusive possibilities: UCCB01-147
may exert its effects through distinct brain sites with subtle impacts,
and/or interference with the NMDA receptor/PSD-95/neuronal
nitric oxide synthase (nNOS) complex might not trigger neuronal
c-Fos expression. Given the minimal peripheral expression of PSD-
95, it is challenging to envision that the weight-lowering benefits
are not centrally mediated. This notion also aligns with the pro-
nounced changes in proteins relating to glutamatergic signaling
in NAc and in the brainstem following UCCBO01-147 treatment.
Evaluation of the role of nNOS in the weight-lowering benefits of
UCCBO01-147 would be an intriguing avenue for future investigations.
In context, determining which aspects of NMDA receptor signaling
are retained in the context of PSD-95 inhibition is important and
could perhaps aid in further refinement of targeting this pathway for
weight loss.
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The data presented here propose PSD-95 and PICK1 as therapeutic
targets for weight loss. As we progress with the preclinical work focusing
on the anti-obesity benefits, it is crucial that we in parallel interrogate
the physiological implication of these scaffolding proteins in energy
homeostasis and feeding behavior. Rodent studies have noted reduced
PSD-95 protein expression in the hippocampus and prefrontal cortex
following high-fat diet feeding (46-48). However, while a functional
role for NMDA receptor signaling in hypothalamic hunger regulation
is emerging (49, 50), the involvement of PSD-95 remains elusive. On
the basis of studies in transgenic rodent models, PICK1 has been
implicated in glycemic control and deficiency of PICK1 is associated
with leanness (36, 51, 52). Of consideration, insights from incretin
biology and pharmacology studies underscore that loss-of-function
models do not always accurately predict physiological function and
pharmacological potential (53). Another crucial consideration when
advancing the scrutiny of the involvement of glutamate receptor
scaffolding proteins in weight homeostasis and feeding behavior is
to carefully distinguish and dissociate these aspects from those linked
more broadly to emotional valence, where AMPA and NMDA recep-
tors are known to be involved (54). In terms of directionality, dis-
rupting NMDA receptor signaling holds clinical relevance for the
treatment of Alzheimer’s disease and treatment-resistant depression
(55, 56). In light of these considerations, a PSD-95 inhibitor has the
potential to yield pleiotropic benefits, transcending its metabolic
impact. Consequently, peptide inhibitors of PSD-95 are presently
undergoing clinical evaluation for stroke treatment, demonstrating
a favorable safety profile for human use (25, 31, 57, 58).

In conclusion, we reveal an association between PICKI and DLG4
(PSD-95) loci and human anthropometric traits, highlighting the
importance of further functional investigations into the roles of
PSD-95 and PICK1 in body weight homeostasis and obesity patho-
genesis. Complementing this, we demonstrate that pharmacological
inhibition of PSD-95 or PICK1 effectively reduces body weight and
fat mass in mouse models of obesity. Consequently, we propose that
these PDZ domain-containing postsynaptic glutamate receptor scaf-
folding proteins represent a previously unknown drug target class
for the treatment of obesity.

MATERIALS AND METHODS

PheWAS analysis

We used publicly available GWAS summary results from the UK
Biobank (http://nealelab.is/uk-biobank/) to identify genetic variants
associated with BF% and BMI with +500 kb of the transcription start
site of genes/proteins containing a PDZ domain and that interact with
AMPA and NMDA receptors. The UK Biobank involves in-depth
genetic and phenotypic characterization of over 500,000 individuals
aged 40 to 69 years of age and living in the United Kingdom. We
performed LD clumping to identify lead SNPs (MAF > 0.01) in the
BF% and BMI-associated loci using the pruning algorithm imple-
mented in PLINK v.1.9 (59) within a 1-Mb window and 7* < 0.1 in
the 1000Genome Phase 1 reference panel. Next, we binned the SNPs
based on the P value thresholds P < 5 x 10 (genome-wide signifi-
cance), P<1x107% and P < 1 X 10™°. We retrieved eQTL associa-
tions for the identified lead SNPs from the online database Open
Target Genetics (https://genetics.opentargets.org/) (60-63). To imple-
ment a pheWAS for the DLG4 and PICK1 loci, we clustered the UK
Biobank traits into categories that describe the nature of the trait
(based on ICD-11 standards, if applicable). We only considered the
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category “anthropometric traits” in the present analyses. The sample
size for the different anthropometric traits ranged between 106,251
and 336,935 individuals.

Animals

Eight-week-old C57BL/6] mice (Janvier, France) were maintained
on a high-fat diet (D12331; Research Diets, New Brunswick, NJ,
USA) for a minimum of 3 months to facilitate the progressive devel-
opment of obesity. Mice were kept on a 12-hour light-dark cycle in a
humidity-controlled (45 to 65%) and temperature-controlled environ-
ment (21° to 23°C) with ad libitum access to high-fat diet and water
until initiation of experiments. All in vivo experiments were carried
out in accordance with regulations regarding the care and use of
experimental animals and under the approval of the Danish Animal
Experimentation Inspectorate (2018-15-0201-01457, 2023-15-0201
-01442, and 2023-15-0201-01530).

Drugs

Compounds mPD5, UCCB01-147, and UCCBO01-144AA were com-
mercially generated (WuXi AppTec, Shanghai, China). All drugs
were diluted in isotonic saline and dosed subcutaneously. Solutions
containing mPD5 or UCCB01-147 were pH-adjusted to pH 7.4.
Liraglutide was purchased at a pharmacy (Victoza, Novo Nordisk,
Bagsvaerd, Denmark), and semaglutide was obtained through the Novo
Nordisk compound sharing service (Semaglutide, Novo Nordisk,
Bagsveerd, Denmark).

In vivo pharmacology studies

DIO C57BL/6] mice were single- or double-housed for all studies
and had ad libitum access to high-fat diet. Mice were assigned to the
test group or control group based on body weight, ensuring that the
average body weight of each group was the same. Unless otherwise
stated, mice were sham-injected with isotonic saline 3 days preced-
ing the start of a study.

Study 1 (UCCBO1-147 dose-response study)

DIO mice (average body weight 45 g, single-housed) were weighed
3 days before the first injection, and body composition was measured
by magnetic resonance imaging (EchoMRI, Echo Medical System
LLC, USA). DIO mice were subcutaneously injected with either
UCCBO01-147 (25 mg kg™'; n = 7 mice and n = 7 cages), UCCBO1-
147 (75 mgkg™"; n = 7 mice and n = 7 cages), or isotonic saline (1 = 6
mice and n = 6 cages) daily for 9 days. Injections were performed
1 to 3 hours before the onset of the dark phase. On the seventh day,
body composition was measured again in the morning and mice
were subjected to a glucose tolerance test in the afternoon. Food
intake and body weight were measured daily for the duration of the
experiment. Two mice in the 75 mg kg™' UCCB01-147 group were
excluded from analyses because of adverse effects (sluggish movement
and hypothermia). One mouse in the vehicle group was excluded
because of excessive weight loss.

Study 2 (UCCBO1-147 indirect calorimetry)

DIO mice (average body weight 42 g, single-housed) were acclima-
tized to indirect calorimetry cages for 1 week and sham-injected with
isotonic saline 5 days before the start of the study. Mice were injected
with UCCB01-147 (25 mg kg™%; n = 8 mice and n = 8 cages) or iso-
tonic saline (n = 8 mice and n = 8 cages) daily for 7 days. Injections
were performed 2 hours before the onset of the dark phase. Food
intake and body weight were measured daily independently of the
measurements taken by the automatic system (TSE System, Germany).
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Respiratory exchange ratio (volume of CO; production:volume of
O, consumption), locomotor activity, food intake, and water intake
were automatically measured every 20 min for the duration of the
study. One mouse in the vehicle group was excluded because of poor
health (visual inspection).

Study 3 (NA-1 weight loss)

DIO mice (average body weight 55 g, single-housed) were subcuta-
neously injected with UCCB01-147 (25 mg kg™'; n = 8 mice and
n = 8 cages), a molar-matched dose of NA-1 (16.3 mg kg™'; n = 8
mice and n = 8 cages), or isotonic saline (n = 8 mice and n = 8 cages)
2 hours before the onset of the dark phase. Food intake and body
weight were measured daily for the duration of the study. One vehicle
mouse and one UCCBO01-147-treated mouse were excluded during
the study because of poor health (visual inspection).

Study 4 (comparative study of UCCB01-147 and
UCCB01-144AA)

DIO mice (average body weight 49 g, single-housed) were injected
once daily with UCCB01-147 (25 mg kg™'; = 6 mice and n = 6 cages),
UCCBO01-144AA (25 mg kg™'; n = 6 mice and 1 = 6 cages, negative
control), or isotonic saline (1 = 6 mice and n = 6 cages) for 5 days.
Injections were performed approximately 2 hours before the onset
of the dark phase. Food intake and body weight were measured daily
for the duration of the study.

Study 5 (mPD5 dose-response study, single-housed)

DIO mice (average body weight 51 g) were weighed 3 days before
the first injection, and body composition was measured by magnetic
resonance imaging (EchoMRI, Echo Medical System LLC, USA). Mice
were subcutaneously injected once daily with mPD5 (19 mg kg™';
n = 6 mice and n = 6 cages), mPD5 (56 mg kg™'; n = 6 mice and
n = 6 cages), or isotonic saline (n = 6 mice and n = 6 cages) for
7 days. Injections were performed 1 to 3 hours before the onset of
the dark phase. On the seventh day, body composition was measured
in the morning and mice underwent a glucose tolerance test in the
afternoon. Food intake and body weight were measured daily for the
duration of the study.

Study 6 (evaluation of weight loss recovery of UCCB01-147 and
mPDS5 relative to liraglutide)

DIO mice (average body weight 48 g; double-housed) were weighed
and had body composition measured 2 days before the first injection
(EchoMRI, Echo Medical System LLC, USA). Mice were subcuta-
neously injected with mPD5 (19 mg kg™'; # = 8 mice), mPD5 (56
mg kg™'; n = 8 mice and n = 4 cages), liraglutide (0.09 mg kg™;
n = 8 mice and n = 4 cages), or isotonic saline (n = 8 miceand n =4
cages) daily for 9 days. Injections were performed 1 to 3 hours before
the onset of the dark phase. Body weight was measured daily during
pharmacological treatment and until day 21, whereafter body weight
was monitored less frequently up until day 35.

Study 7 (UCCBO1-147 versus mPD5 comparative study)

DIO mice (average body weight 53 g; double-housed) were weighed
3 days before the first injection, and body composition was measured
(EchoMRI, Echo Medical System LLC, USA). Mice were treated with
once-daily subcutaneous injections of mPD5 (56 mg kg™'; n = 8 mice
and 7 = 4 cages), UCCB01-147 (25 mg kg™'; n = 8 mice and n = 4
cages), or isotonic saline (n = 8 mice and n = 4 cages) for 13 days.
Injections were performed 1 to 3 hours before the onset of the dark
phase. Body composition was measured again 13 days after the first
injection. Body weight was measured daily for the duration of the
pharmacological treatment period and at indicated time points
thereafter to track recovery up until day 42.
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Study 8 (UCCBO01-147 weight loss study)

DIO mice (average body weight 60 g, single- and double-housed)
were grouped 3 days before study start based on body weight such
that each experimental group had approximately the same average
body weight, and their body composition was determined by magnetic
resonance imaging (EchoMRI, Echo Medical System LLC, USA). DIO
mice were treated with once-daily subcutaneous injections of either
UCCBO01-147 (25 mg kg™"; n = 10 mice and n = 7 cages) or isotonic
saline (n = 9 mice and n = 6 cages) for 14 days. Injections were per-
formed 1 to 3 hours before the onset of the dark phase. On the first
day of the study, a compound tolerance test was conducted, measuring
blood glucose levels at time points 0, 0.5, 1, 2, 6, and 24 hours after
administration of the first dose with a handheld glucometer (Contour
XT, Bayer). On day 14, body composition was measured in the morning
and mice were subjected to an intraperitoneal glucose tolerance test
in the afternoon, measuring blood glucose levels at time points 0,
15, 30, 60, and 120 min after challenging the mice with an intraperi-
toneal glucose injection. Food intake and body weight were measured
daily for the duration of the experiment.

Study 9 (mPD5 weight loss study)

DIO mice (with an average body weight of 60 g, double-housed)
underwent weighing 3 days before the initial injection to make ex-
perimental groups based on body, and their body composition was
assessed using magnetic resonance imaging (EchoMRI, Echo Medical
System LLC, USA). Subsequently, DIO mice were treated with once-
daily subcutaneous injections of either mPD5 (56 mg kg™'; n = 9 mice
and n = 5 cages) or isotonic saline (n = 9 mice and n = 5 cages) for
14 days. Injections were administered 1 to 3 hours before the start of
the dark phase. On the first day of the study, a compound tolerance
test was conducted, measuring blood glucose levels at time points 0,
0.5, 1, 2, 6, and 24 hours after administration of the first dose using
a handheld glucometer (Contour XT, Bayer). On day 14, body com-
position was measured in the morning, and in the afternoon, mice
underwent an intraperitoneal glucose tolerance test, measuring blood
glucose levels at time points 0, 15, 30, 60, and 120 min after the admin-
istration of an intraperitoneal glucose injection. Daily measurements
of food intake and body weight were recorded throughout the experi-
ment. One mouse and one cage were excluded from the mPD5 treat-
ment group because of sickness. One mouse was excluded from the
vehicle group because of constipation.

Study 10 (mPD5 and UCCBO1-147 indirect calorimetry)

DIO mice (average body weight 60 g; single-housed) were acclimatized
to metabolic cages (16-channel Promethion, Sable Systems Inter-
national, NV, USA) for 7 days before initiation of the study. Oxygen
consumption (VO,), carbon dioxide production (VCO,), respiratory
exchange ratio, energy expenditure (in kilocalories per hour), and
locomotor activity (in centimeters per second) were recorded every
15 min. Water was available ad libitum throughout the study period,
and two pellets of high-fat diet were provided every day and the old
ones were removed. On the day of initiation of the study, mice were
divided into three experimental groups with similar average body
weights and assigned to receive once-daily subcutaneous injections
of mPD5 (56 mg kg™'; n = 10 mice and n = 10 cages), UCCB01-147
(25 mgkg™"; n =10 mice and n = 10 cages), or vehicle (isotonic saline,
n = 10 mice and n = 10 cages) for 10 days. Body weight and food
intake were measured manually each day at the time of injection,
and dosing was carried out at a volume of 5 pl g™'. Mice assigned to
the different experimental groups were randomly distributed across
two systems to correct for potential space-related bias. Raw data
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were analyzed using the online tool CalR (version 1.3, www.calrapp.
org) and visualized using GraphPad Prism. One mouse in the vehicle
group and one mouse in the mPD5 group were excluded because of
constipation. One mouse in UCCB01-147 was excluded from analysis
of locomotor activity and respiratory exchange ratio (outlier).
Study 11 (weight loss maintenance of mPD5 relative to mice
receiving calorie restriction to match the weight loss
trajectory)

DIO male C57BL/6] mice (average body weight 56 g; double-housed)
were sham-injected 3 days before initiation of the study. Mice were
grouped on the basis of body weight such that each experimental
group had the same average body weight. The experimental groups
were assigned to receive treatment with either mPD5 (56 mg kg™
n = 8 mice and n = 4 cages), calorie restriction to match the weight
loss of mPD5-treated mice (n = 8 mice and n = 4 cages), or vehicle
(isotonic saline; n = 8 mice and n = 4 cages) for 11 days. Injections
were performed approximately 2 hours before the onset of the dark
phase. For the 11-day treatment period, food intake and body weight
were measured daily at the time of injection, while food intake and
body weight were measured once every 2 days during the recovery
phase. One mouse was euthanized during the study in the 56 mg
kg™' mPD5 group due to sickness.

Study 12 (mPD5 PICK1 KO study)

DIO male wild-type and global PICK1 knockout mice (wild type,
average body weight 36 g; global PICK knockout, average body
weight 34 g; single-housed) were sham-injected 3 days before the
study started. Mice were grouped on the basis of body weight such
that each group had approximately the same average body weight
and was assigned to receive once-daily subcutaneous injections of
mPD5 (56 mg kg™'; wild type; n = 4 mice, n = 4 cages; global PICK1
knockout; n = 6 mice and n = 6 cages) or isotonic saline (wild type;
n =4 mice and n = 4 cages; global PICK1 knockout; # = 6 mice and
n = 6 cages) for 7 days. Injections were performed approximately
2 hours before the onset of the dark phase. Food intake and body
weight were measured daily at the time of injection.

Study 13 (mPD5 and UCCBO01-147 open field test)

Locomotor activity in response to treatment with mPD5 or UCCB01-
147 was evaluated using an open-field test. Lean male C57BL/6] mice
were habituated in the procedure room 7 days before initiation of
the experiment. The experiment was conducted by giving a single
subcutaneous administration of mPD5 (56 mg kg™ n = 10 mice),
UCCBO01-147 (25 mg kg'l; n = 10 mice), or vehicle (isotonic saline,
n = 10 mice) 1 hour before recording their movement via ceiling-
mounted Logitech C920 Pro cameras (1080 X 1080 pixels, 30 frames
per second, Logitech software). Mice were divided into four groups
based on body weight, and their movement was recorded for 30 min.
Each run was conducted with one mouse from each treatment group
and with run-to-run alternation so that treatments were equally dis-
tributed across all chambers. Movement traces and quantification of
locomotor activity (velocity and distance traveled) were obtained using
Noldus EthoVision XT software (Noldus, The Netherlands).

Study 14 (mPD5 and UCCBO1-147 conditioned taste aversion
relative to semaglutide)

A week before the study started (day -7), lean male C57BL/6] mice
(average body weight 26 g, single-housed) were single-housed with
ad libitum access to a chow diet, and one bottle of water (food and
water were placed in the cage lid so that there was room for two
water bottles) in a scantainer. The position of the water bottle was
alternated daily between sides to minimize the development of any

Fadahunsi et al., Sci. Adv. 10, eadg2636 (2024) 1 March 2024

side preference. The animals were weighed and handled daily from
day —3. On day —3, mice were exposed to a bottle containing 0.1%
saccharin-flavored water with high palatability followed by subcuta-
neous administration of mPD5 (56 mg kg_l; n =10 mice), UCCBO1-
147 (25 mg kg™'; n = 10 mice and n = 10 cages), semaglutide
(30 nmol kg_l; n = 10 mice and n = 10 cages), or vehicle (isotonic
saline, # = 10 mice and n = 10 cages). Three days after the first dos-
ing, mice were exposed to a two-bottle taste preference test, i.e., a
voluntary choice between tap water and the 0.1% saccharin solution.
Saccharin and water intake was monitored for 24 hours followed by
preference determination.

Study 15 (UCCBO01-147 conditioned taste aversion)

An identical protocol to the one described for study 14 was applied,
treating lean male C57BL/6] mice (average body weight 28 g) with
subcutaneous injections of UCCBO01-147 (25 mg kg'; n = 10 mice
and n = 10 cages) and vehicle (isotonic saline, #n = 10 mice and n = 10
cages) as experimental groups.

Study 16 (mPD5 conditioned taste aversion)

An identical protocol to the one described for study 14 was applied,
treating lean male C57BL/6] mice (average body weight 27 g) with
subcutaneous injections of mPD5 (56 mg kg™ '; n = 10 mice and
n = 10 cages) and vehicle (isotonic saline, n = 10 mice and n = 10
cages) as experimental groups.

Study 17 (mPD5 and UCCBO1-147 whole-brain c-Fos imaging)
DIO male C57BL6] mice (average body weight 45 g, single-housed)
were injected with a single acute injection of mPD5 (56 mgkg™; n = 8
mice), UCCB01-147 (25 mg kg’l; n = 8 mice), or vehicle (isotonic
saline, n = 6 mice). Two hours after, mice were deeply anesthetized
with pentobarbital and perfused intracardially with phosphate-
buffered saline (PBS) and heparin (15,000 IU liter™") for 2 min followed
by neutral-buffered formalin (10%, Sigma-Aldrich, Denmark) for
5 min. Brains were harvested and postfixed overnight in neutral-
buffered formalin at 4°C.

Study 18 (mPD5 and UCCBO01-147 MS-based proteomics of
hypothalamus, brainstem, nucleus accumbens, prefrontal
cortex, cerebellum, and midbrain)

DIO mice (average body weight 53 g; double-housed) were sham-
injected 3 days before initiation of the study. Mice were treated with
once-daily subcutaneous injections of mPD5 (56 mg kg™'; n = 8 mice
and n = 4 cages), UCCBO01-147 (25 mg kg™"; n = 8 mice and n = 4
cages), or vehicle (isotonic saline, # = 8 mice and n = 4 cages) for
10 days. Injections were performed 2 hours before the onset of the
dark phase. Food intake and body weight were measured daily at the
time of injection for the duration of the experiment. On day 10, mice
were euthanized by cervical dislocation and the brains were harvested
and microdissected. Brain areas of interest were isolated using a
coronal brain matrix. After isolation, tissue was snap-frozen and sub-
sequently analyzed using liquid chromatography-MS/MS (LC-MS/
MS) by the Proteomics Research Infrastructure at the University of
Copenhagen.

Study 19 (bulk RNA sequencing study of hypothalami)

DIO mice (average body weight 53 g, double-housed) were injected
with mPD5 (56 mg kg '; # = 8 mice), UCCB01-147 (25 mgkg™'; n =8
mice), or isotonic saline (n = 8 mice) daily for 5 days. On experimental
days 1 to 4, injections were performed 2 hours before the onset of
the dark phase. Body weight and food intake were measured daily.
On the morning of the fifth experimental day, mice were injected
and sacrificed 2 hours later. Whole hypothalami were frozen on dry
ice in preparation for RNA isolation.
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Study 20 (sucrose preference test)

DIO mice (average body weight 41 g, single-housed) were habituated
in a scantainer for 7 days with ad libitum access to high-fat, high-
sucrose diet, one bottle of tap water, and one bottle with a solution
of 3% sucrose in tap water. Animal were treated with daily sham
injections from day 0 to 2, and their food, water, and sucrose intake
was measured at the time of injection. On day 2, mice were randomized
on the basis of body weight, such that each group had the same average
body weight, and assigned to receive once-daily subcutaneous treat-
ment with mPD5 (56 mg kg™"; n = 9 mice and n = 9 cages), UCCBO1-
147 (25 mgkg™'; n = 9 mice and 1 = 9 cages), or isotonic saline (1 =9
mice and n = 9 cages) for 2 days. Sucrose and water intake was moni-
tored daily followed by preference determination.

Study 21 (gene expression profiles of Pick1, DIg4, AMPA, and
NMDA receptor subunits)

Naive lean mice (1 = 6 mice) were euthanized by decapitation, and
tissues were harvested and frozen immediately after dissection on
dry ice (hypothalamus, white adipose tissue, BAT, heart, kidney,
muscle, liver, and colon). The tissue was subjected to gene expression
profiling, with the protocol outlined in the “Gene expression analysis
(qPCR)” section.

Tissue clearing and whole-brain immunolabeling

Whole-brain clearing and staining was inspired by the iDISCO+
protocol (64). All the steps were performed at room temperature
with gentle shaking unless otherwise specified. All the buffers were
supplemented with 0.01% sodium azide (Sigma-Aldrich) to prevent
bacterial and fungal growth. For delipidation and decolorization
purposes, perfused brains were incubated with a 25% Quadrol
[N,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenediamine] solution in
water at 37°C for 3 days. Then, the samples were transferred to a 5%
ammonium solution in water (no wash in between) and incubated
at 37°C for 1 day. Next, the samples were washed once in water for
approximately 10 min before an increasing series of methanol
(MeOH) (VWR) dilutions in water (washes of 1 hour in MeOH
20%, 40%, 60%, 80%, and twice 100%). Once dehydrated, samples
were incubated overnight in a solution containing a 66% dichloro-
methane (DCM) (Sigma-Aldrich) in MeOH. Samples were then
washed a few times in 100% MeOH throughout the day and bleached
overnight at 4°C in a 5% hydrogen peroxide (Sigma-Aldrich) solution
in MeOH (the samples were brought to 4°C before transferring
them to the bleaching solution). Rehydration was done by incubating
the samples in MeOH 60%, 40%, and 20% (1 hour each wash). After
MeOH pretreatment, samples were washed in PBS twice for 15 min
and 1 hour in PBS containing 0.2% Triton X-100 (Sigma-Aldrich)
and further permeabilized by a 24-hour incubation at 37°C in permea-
bilization solution composed of 20% dimethyl sulfoxide (Sigma-
Aldrich) and 2.3% glycine (Sigma-Aldrich) in PBS-T. To start the
immunostaining, samples were first blocked with 0.2% gelatin (Sigma-
Aldrich) in PBS-T for 24 hours at 37°C, and the same blocking buffer
was used to prepare antibody solutions. The primary antibody against
c-Fos (Cell Signaling Technology, no. 2250, 1:3000) was incubated
for 11 days at 37°C with gentle shaking, then washed in PBS-T for
2 days (the wash solution was changed five times), and finally incu-
bated for 8 days with secondary antibodies conjugated to an Alexa
Fluor 647 fluorophore (Jackson ImmunoResearch, no. 711-605-152,
1:1000). After immunostaining, the samples were washed in PBS-T
for 3 days (the wash solution was changed five times) and postfixed
with 2% paraformaldehyde in PBS overnight at 4°C before the final
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dehydration. For the final dehydration, the samples were passed
through a MeOH/water increasing concentration series: 20%, 40%,
60%, 80%, and 100% (1 hour each), followed by a wash in 66%
DCM—33% MeOH overnight. MeOH was washed out with two fi-
nal washes in DCM 100% (30 min each), and finally, the samples were
transparized and stored in ethyl cinnamate (Sigma-Aldrich) for at
least 3 days, at room temperature and in the dark, until imaging
took place.

Light sheet microscopy

The images were acquired using a Zeiss LS7 Scanning Gaussian-beam
Lightsheet Microscope with orthogonal light paths for illumination
and detection. Two 5X illumination objectives [Carl Zeiss, numerical
aperture (NA) 0.1] were used to generate dual-side illumination of
the sample, together with an EC Plan-NEO 5X detection objective
(Carl Zeiss, NA 0.16, 10.5-mm working distance). Images were
acquired with two PCO Edge 4.2 M sCMOS cameras using Zeiss
Zen Black software. The laser line used to capture the autofluores-
cence signal in the sample was 488 and 638 nm for the c-Fos-specific
channel. To refine the emission signal, additional filters were used,
i.e., BP (band-pass) 505-545 and LP (long-pass) 660 for the cor-
responding excitation.

Whole-brain c-Fos quantification

The tiled images were first stitched with a custom Python script using
Terastitcher (65). The stitched images were then processed using the
ClearMap 2 software (66). This enabled the generation of voxel maps
depicting Fos cell densities and region-based cell count statistics.
Briefly, the images underwent background removal processing. Local
maxima were then detected to identify the initial cell locations. The
locations served as seeds for a watershed algorithm, facilitating the
estimation of cell volumes. Cells were filtered on the basis of their
volume to eliminate smaller, artifactual maxima. Elastix (67) (available
at https://elastix. Jumc.nl) was used to align the autofluorescence images
for each brain image to a reference atlas, and the coordinates of the
filtered cells were transformed to a reference coordinate space (68).
For the construction of voxel maps, each filtered cell was represented
as a sphere of 350-pm diameter. Region- and voxel-wise statistics
between the experimental groups were performed using the SciPy
implementation of the Mann-Whitney U test. Last, we created volcano
plots to represent the regional counts statistically.

Intraperitoneal glucose tolerance test

An intraperitoneal glucose tolerance test was performed on day 9 of
studies 1 and 6. Mice were fasted for 5 hours before receiving a single
intraperitoneal injection of glucose (2 g/kg) dissolved in isotonic
saline. Blood glucose was measured at time points 0, 15, 30, 60, and
120 min after injection using a handheld glucometer (Contour
XT, Bayer).

Gene expression analysis (qPCR)

BAT, inguinal white adipose tissue, and liver from mouse studies 8
and 9 were quickly dissected, frozen on dry ice, and stored at
—80°C. Hypothalamus, inguinal white adipose tissue, BAT, heart,
kidney, quadriceps, liver, and colon tissues were harvested from naive
mice. For RNA extraction, all tissues were homogenized in TRIzol
reagent (QIAzol Lysis Reagent, Qiagen, 79306) with a stainless-steel
bead (Qiagen, 69989) using TissueLyser II (Qiagen, 85300) set at 30 Hz
for 3 min. Total RNA was isolated according to the manufacturer’s
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protocol using QIAwave RNA Mini Kit (Qiagen, 74534), RNA was
quantified, and RNA quality was assessed using NanoDrop 2000
(Thermo Fisher Scientific, ND-2000). Total RNA was then converted
to cDNA by mixing with FS buffer (Thermo Fisher Scientific, 18080-
044), dithiothreitol (Thermo Fisher Scientific, 18080-044), and random
primers (Sigma-Aldrich, 11034731001) followed by incubation at
70°C for 3 min in a thermal cycler (Eppendorf Mastercycler Pro) for
first-strand synthesis. ANTP (Thermo Fisher Scientific, R0192),
RNaseOUT (Thermo Fisher Scientific, 10777019), and SuperScript
III (Thermo Fisher Scientific, 18080-044) were subsequently added
for cDNA synthesis using a thermal cycler (Eppendorf Mastercycler
Pro) with the following steps: 5 min at 25°C, 60 min at 50°C, and
15 min at 70°C. cDNA was diluted 1:20 for hypothalamus and 1:100
for all other tissues and stored at —20°C. Gene expression was ana-
lyzed by quantitative polymerase chain reaction (QPCR). cDNA,
primers, and PrecisionPLUS qPCR Master Mix with SYBRgreen
(Primer Design) were mixed in a 384-well plate and incubated in
a LightCycler (Roche, LightCycler 480 II) using the following steps:
2 min at 95°C, 45 cycles of 60 s at 60°C, and, last, a melting curve
analysis was performed. Primers are listed in table S3.

Transcriptomic analysis

Total RNA was isolated using RNeasy mini kit (Qiagen, no. 74106)
according to the manufacturer’s protocol. Messenger RNA sequencing
libraries were prepared using the Illumina TruSeq Stranded mRNA
protocol (Illumina). Poly-A-containing mRNAs were purified by
poly-T attached magnetic beads and fragmented, and cDNA was
synthesized using SuperScript III reverse transcriptase (Thermo
Fisher Scientific). cDNA was adenylated to prime for adapter ligation,
and after a clean-up using AMPure beads (Beckman Coulter), DNA
fragments were amplified using PCR followed by a final clean-up.
Libraries were quality-controlled using a fragment analyzer instrument
(Agilent Technologies) and subjected to 52-base pair (bp) paired-end
sequencing on NovaSeq 6000 (Illumina). A total of 2.7 billion reads
were generated.

Fastq files were first generated using bcl2fastq2 v. 2.20.0. The nf-
core/rnaseq-pipeline v. 3.8 with the flags --with_UMI and --umitools_
bc_pattern NNNNNNNN set was then used to align the reads to the
GRCm38 primary assembly and produce corresponding gene counts
(48). A multidimensional scaling plot was used to detect outlying
samples. The gene expression of potential outliers was compared to
the rest of the samples to look for evidence of inflammation or tissue
contamination. Two samples were excluded because of likely contami-
nation from surrounding tissue.

Differential expression testing

Genes with low expression were filtered on the basis of a threshold
of 25 counts over at least five samples. The count matrix was analyzed
using DESeq2 to perform count normalization and differential expres-
sion analyses between treatment groups. Benjamini-Hochberg cor-
rection was used. DESeq2 analysis was performed incorporating a
design considering both the treatment and extraction pool. Pairwise
differential expression results were generated for UCCB01-147 versus
vehicle and mPD5 versus vehicle comparisons. The results were anno-
tated with gene symbols using the org.Mm.eg.db database. Volcano
plots were generated to visualize differentially expressed genes using
the R package gglot2. Genes with absolute log,FoldChange < 2.5 were
considered, and points were color-coded on the basis of adjusted
P values (P,g): light orange for P,4j < 0.05 and log,FoldChange < 0,
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dark orange for P,gj < 0.05 and log,FoldChange < 0, and gray for
Pyg;j > 0.05.

Functional enrichment analyses

Gene set enrichment analysis (GSEA) was performed to identify en-
riched pathways in each comparison. Gene lists were extracted from
the DESeq2 results and ranked on the basis of logo(Pagj)*log,
FoldChange, and GSEA was conducted using the gseGO function
from the clusterProfiler package (69). gseGO parameters were
set to OrgDb = org.Mm.eg.db, ont = “ALL,” keyType = “ENSEMBL,
minGSSize = 10, maxGSSize = 300, and pvalueCutoff = 0.05. GSEA
results were visualized using GraphPad Prism version 10.

MS-based proteomics

Sample preparation

Brain tissue samples were lysed with lysis buffer [1% (w/v) sodium
deoxycholate, 100 mM tris-HCI (pH 8.5), and phosphatase inhibitor
cocktail (Roche)] using the BeatBox tissue disruptor (Preomics)
with 15 cycles of 30-s BeatBox high setting followed by 2-min incu-
bation on ice. Samples were incubated for 10 min at 95°C followed
by 10 min of BeatBox in medium setting. Samples were reduced
with 5 mM (final concentration) TCEP for 15 min at 55°C, alkylated
with 20 mM (final concentration) CAA for 30 min at room tempera-
ture, and digested adding trypsin/LysC at a 1:50 enzyme/protein
ratio. Peptides were cleaned up using iST PSI desalting plates
(Preomics).

LC-MS (DIA)

Peptides were separated on a 110-cm mPAC HPLC column (Thermo
Fisher Scientific) with a Vanquish Neo HPLC system (Thermo Fisher
Scientific) coupled through a nano-electrospray source to a Tribrid
Ascend mass spectrometer (Thermo Fisher Scientific) with a non-
linear gradient of 1 to 50% buffer B (0.1% formic acid and 80% ace-
tonitrile) at a flow rate of 300 nl/min over 120 min. Spray voltage
was set to 2200 (V) on a 10-pm-inner-diameter fused silica emitter
(Evosep). The column temperature was kept at 50°C. Samples were
acquired using a DIA data acquisition method, where the Tribrid
mass spectrometer was performing a full scan [120-K resolution,
scan range 390 to 1010 mass/charge ratio (m/z), auto maximum
injection time, AGC target 100%], followed by 75 DIA windows
(8 m/z each) of MS/MS scans in the Orbitrap analyzer (scan range
400 to 1000 m/z, 15-K resolution, 27-ms maximum injection time,
AGC target 100%). Normalized HCD collision energy (%) was set to
30, and 1 m/z DIA windows overlap was allowed.

Bioinformatics

The ProteinGroup file from Spectronaut was loaded into R Studio
V.4.2.1. Raw intensities were log,-transformed and filtered to ensure
atleast 50% quantification in each condition (brain region/treatment).
The data were then median-scaled, and differential abundance
analysis was performed using LIMMA (70). Treatment comparisons
(UCCBO01-147 versus vehicle, mPD5 versus vehicle) within each
brain region were extracted. The eBayes function was then used for
the empirical smoothening of SEs and the moderation of ¢ statistics.
A Benjamini-Hochberg—corrected P value of <0.05 and a fold change
of 1.5 were set as the significance cutoffs. PCA was conducted on the
complete proteome observations using the prcomp function (stats
package). Heatmaps were made in Pheatmap package (1.0.12), and
the number of clusters was determined by measuring the within-
cluster sum of squares, average silhouette width, and Dunn index.
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Within-cluster overrepresentation analysis was conducted with the
clusterProfiler (71) package (4.6.2) using the enrichGO function with
universe set to all proteins with gene names identified, all ontologies
specified, pvalueCutoff < 0.05, and qvalueCutoff < 0.2.

Statistical analyses

Statistical analyses were performed in GraphPad Prism version 9;
statistical tests used are described in respective figure legends. All data
are presented as means + SEM, and all P values < 0.05 were considered
statistically significant."P<0.05," P<0.01,” P<0.001,” P <0.0001.

Supplementary Materials
This PDF file includes:

Tables S1to S3

Figs.S1to S10
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