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Superior metabolic improvement of
polycystic ovary syndrome traits after
GLP1-based multi-agonist therapy

Miguel A. Sánchez-Garrido 1,2,3,14,15 , Víctor Serrano-López1,2,3,14,
Francisco Ruiz-Pino1,2,3, María Jesús Vázquez1,2,3, Andrea Rodríguez-Martín1,2,
Encarnación Torres1,2, Inmaculada Velasco1,2, Ana Belén Rodríguez2,4,
Eduardo Chicano-Gálvez1, Marina Mora-Ortiz 1,3,5, Claes Ohlsson 6,
Matti Poutanen6,7, Leonor Pinilla1,2,3,4, Francisco Gaytán1,2,3,4,
Jonathan D. Douros8, Bin Yang8, Timo D. Müller9,10,11, Richard D. DiMarchi 12,
Matthias H. Tschöp 9,10,13, Brian Finan8 & Manuel Tena-Sempere 1,2,3,4,15

Polycystic ovary syndrome (PCOS) is a heterogeneous condition, defined by
oligo-/anovulation, hyper-androgenism and/or polycystic ovaries. Metabolic
complications are common in patients suffering PCOS, including obesity,
insulin resistance and type-2 diabetes, which severely compromise the clinical
course of affected women. Yet, therapeutic options remain mostly sympto-
matic and of limited efficacy for the metabolic and reproductive alterations of
PCOS. We report here the hormonal, metabolic and gonadal responses to the
glucagon-like peptide-1 (GLP1)-based multi-agonists, GLP1/Estrogen (GLP1/E),
GLP1/gastric inhibitory peptide (GLP1/GIP) and GLP1/GIP/Glucagon, in two
mouse PCOSmodels, with variable penetrance of metabolic and reproductive
traits, and their comparison with metformin. Our data illustrate the superior
efficacy of GLP1/E vs. other multi-agonists and metformin in the management
of metabolic complications of PCOS; GLP1/E ameliorates also ovarian cyclicity
in an ovulatorymodel of PCOS, without direct estrogenic uterotrophic effects.
In keeping with GLP1-mediated brain targeting, quantitative proteomics
reveals changes in common and distinct hypothalamic pathways in response
to GLP1/E between the two PCOS models, as basis for differential efficiency.
Altogether, our data set the basis for the use of GLP1-basedmulti-agonists, and
particularly GLP1/E, in the personalized management of PCOS.

Polycystic ovary syndrome (PCOS) is the most prevalent endocrine
disorder inwomen of reproductive age. Its prevalence ranges between
5 and 21%1, depending on the diagnostic criteria, with higher frequency
inwomenwith obesity and specific ethnic groups2,3. Its classical clinical
manifestations are hyperandrogenism, ovulatory dysfunction bound
to menstrual irregularities, and polycystic ovarian morphology;
according to the Rotterdam criteria, PCOS is diagnosed when two of

these three clinical features concur. PCOS is considered the major
cause of anovulatory infertility4, and is linked to other manifestations
caused by androgen excess, such as hirsutism and acne. In addition,
PCOS is commonly associated with metabolic disorders, such as obe-
sity, insulin resistance, type-2 diabetes (T2D), dyslipidemia, and car-
diovascular dysfunction5,6. Indeed, 40–90% of women with PCOS are
overweighed or obese7, and display insulin resistance8, which is also
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frequently observed in leanwomenwith PCOS, affecting roughly 60%8.
Hence, women with PCOS are prone to T2D and cardiovascular dys-
function, increasing mortality risk.

PCOS is a heterogeneous condition in terms of pathogenesis and
clinical manifestations, whose mechanisms are not fully understood.
Yet, environmental, developmental, genetic, and epigenetic factors are
seemingly involved5. The most common abnormality in PCOS is
excessive ovarian androgen secretion, present in up to 80% of
patients9,10. Such hyperandrogenemia has a deleterious impact on
ovulation and metabolic function, promoting adiposity and insulin
resistance5. Due to this androgen-dependent alteration in insulin sen-
sitivity, women with PCOS frequently exhibit compensatory hyper-
insulinemia. Insulin has stimulatory effects on ovarian androgen
production5,11, and enhances the bioavailability of testosterone by
decreasing the hepatic release of sex hormone-binding globulin
(SHBG)12. Such bidirectional interaction between hyperandrogenism
and insulin resistance/hyperinsulinemia likely plays a key role in the
pathogenesis of PCOS12–14, since elevated testosterone promotes obe-
sity and insulin resistance/hyperinsulinemia by altering body compo-
sition and insulin signaling in skeletalmuscle and adipose tissue, while
hyperinsulinemia contributes to increase androgen levels via ovarian-
dependent mechanisms5.

Given the importance of hyperandrogenism-hyperinsulinemia in
PCOS, most of the current therapeutic strategies aim at reducing
androgen excess by improving insulin sensitivity, mainly via lifestyle
changes and/or pharmacological approaches. Weight loss and
improvement of insulin resistance and circulating insulin levels are
considered essential for the clinical management of hyperandrogenic
women with PCOS and obesity, as this may contribute to attenuating
androgen excess and improve ovarian function5,14–16. Thus, the first-line
treatment option for PCOS is diet and exercise. However, the majority
of women suffering from PCOS and obesity fail to significantly
reduce their body weight with lifestyle intervention. Insulin-sensitizing
drugs are the second-line treatment, with metformin being the
most recommended therapeutic option, to improve peripheral insulin
sensitivity in order to decrease insulin levels and, consequently, insulin-
mediated stimulation of ovarian androgen secretion17. In women with
PCOS and obesity, metformin has been shown to improve insulin sen-
sitivity, reduce insulin and androgen levels, and ameliorate menstrual
cyclicity and ovulation rates18–20. Yet, controversial outcomes on the
efficacy of metformin have also been reported21–24, that might be
attributed to heterogeneity of responses in some patient subgroups.
Metformin has also been associated with undesired side-effects, as
gastrointestinal distress, and has modest effects on body weight in
women with PCOS and obesity25. Further, ~5% of patients are intolerant
tometformin18,20. Therefore, the development of novel, safer, andmore
effective therapies for the clinical management of women with PCOS
and their metabolic complications remains an unmet medical need.

Glucagon-like peptide-1 receptor agonists (GLP1-RA) areemerging
as novel anti-diabetic andweight-lossmedications for the treatment of
T2D and obesity26. GLP1 is a gut-derived polypeptide released from the
intestinal L cells, capable of stimulating glucose-dependent insulin
secretion and inhibiting food intake by acting on the pancreas and
brain, respectively. In addition, GLP1 is also expressed in pancreatic
alpha cells, where it exerts local insulinotropic actions27. Recent, as yet
fragmentary evidence suggests that intervention with GLP1-RA, e.g.,
liraglutide, may reduce body weight and improve hyperandrogenism
and menstrual irregularities in women with obesity and PCOS28–32;
effects probably related to its anti-diabetic and weight-lowering
properties. Of note, over the last years, an array of unimolecular
GLP1-based poly-agonists, with different mechanisms of action, have
been developed and experimentally validated for the treatment of
metabolic syndrome, holding superior efficacy relative to conven-
tional GLP1-RA33–35. This innovative strategy of integrating the com-
plementary actions of multiple endogenous metabolically related

hormones into a single molecule is considered one of the most pro-
mising approaches for the treatment of obesity and its comorbidities.
In this context, it has been demonstrated that treatments with either a
GLP1/Estrogen (GLP1/E) conjugate, a unimolecular GLP1/GIP (gastric
inhibitory peptide) dual agonist, or a GLP1/GIP/Glucagon triagonist,
markedly reduced body weight and improved diabetic complications,
including hyperinsulinemia, in preclinical models of obesity in
males33–35. Yet, while their ability to reduce body weight and insulin
levels was greater than GLP1 monotherapy in male models33–35, the
potential of these GLP1-based multi-agonists for the treatment of the
metabolic, hormonal, and gonadal complications associated with
PCOShasnot been explored todate. Here,wedocument the efficacyof
such unimolecular GLP1 multi-agonists, and particularly the super-
iority of the GLP1/E conjugate, in managing the metabolic complica-
tions of PCOS in two mouse models of the disease, with evidence also
for improvement of reproductive traits in anovulatorymodel of PCOS.

Results
High doses of GLP1-based multi-agonists improve metabolic
function in murine models of PCOS
We exploredmetabolic, hormonal, and gonadal responses to different
GLP1-based multi-agonists in two experimental (mouse) models of
PCOS, namely PWA (postweaning androgenization) and PNA (prenatal
androgenization); see Suppl. Fig. S1. Given the lack of individual pre-
clinical models of PCOS that recapitulate all the metabolic, endocrine,
and gonadal traits of the clinical syndrome, pharmacological testing
was conducted in parallel in these two PCOSmodels, which are among
the most reliable to mimic the metabolic and gonadal phenotype of
women with PCOS36,37, capturing also the heterogeneity of this
condition38. In initial validation analyses, we documented that con-
sumption of a high-fat diet (HFD) overtly exacerbated the metabolic
profile of PWA animals (Suppl. Fig. S2A, C), while in PNA mice, the
impact of HFD was of similar magnitude in control and prenatally-
androgenized animals (Suppl. Fig. S2B). Of note, sincewe aimed to test
the effects of compounds against the most unfavorable metabolic
conditions, we assessed the potential therapeutic utility of GLP1multi-
agonists in androgenized animals fed on HFD (Suppl. Fig. S1), which
phenocopy a predominant subset of women suffering PCOS, who
display overweight or obesity and may be exposed to unhealthy
Western diets39,40. To conduct this first pharmacological experiment,
effective, high doses of the compounds, validated in preclinical mod-
elswithmetabolic alterations33–35,41,42, were selected. Due to differences
in their pharmacokinetic profiles, in this exploratory experiment, we
applied a higher dose of the GLP1/E conjugate (100 nmol/kg), relative
to those of the dual (GLP1/GIP) or triple (GLP1/GIP/Glucagon) agonists
(10 nmol/kg).

In the PWA model, with overt metabolic and gonadal perturba-
tions, chronic intervention with GLP1/E or the triagonist markedly
reduced body weight, food intake, and circulating leptin levels
(Fig. 1A–CandSuppl. Fig. S3A). Thiswas accompaniedby a considerable
reduction of body fat mass and, particularly in the case of triagonist-
treated mice, a substantial lowering of lean mass (Fig. 1, D). In contrast,
GLP1/GIP therapy was unable to consistently reduce body weight, food
intake, or fat mass in PWA mice over the study period (Fig. 1A–D).
Chronic administration of GLP1/E significantly improved also glucose
handling, as comparedwith the vehicle-treated PWA group, whereas no
glucoregulatory actions were detected in mice treated with the dual or
triple agonist (Fig. 1E-upper panel). Yet, animals administered with
GLP1/GIP or GLP1/E displayed reduced basal glucose levels at the end of
treatment (Fig. 1F). In addition, GLP1/E and GLP1/GIP/Glucagon sig-
nificantly improved insulin sensitivity, as denoted by ITT and HOMA-IR
index, and decreased insulin levels; effects that were not observed in
GLP1/GIP-treated animals (Fig. 1E-lower panel, G, H). In PWA mice,
metformin therapy caused very modest metabolic effects (Fig. 1A–G),
denotedonly by amoderate reduction inHOMA-IR (Fig. 1H), despite the
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dose employed was much higher (300mg/kg) than the doses of multi-
agonists. Moreover, none of the treatments altered circulating adipo-
nectin levels, and onlymice treated with triagonist showed a significant
elevation in serum levels of FGF21 (Suppl. Fig. S3B, C). Regarding
gonadal effects, treatment with GLP1/E, GLP1/GIP, and metformin did
not alter ovarian or uterus weights, nor did they change circulating LH
levels in this hyperandrogenic model of PCOS (Suppl. Fig. S3D–F).
However, the triagonist caused a substantial reduction in ovarian
weight and a significant drop in serum LH levels (Suppl. Fig. S3D, F).
Moreover, no effects were observed in ovarian cyclicity and histology
following pharmacological treatment in any of the experimental groups
(Suppl. Fig. S3G).

In PNA mice, that display modest metabolic dysregulation and
overt gonadal perturbations, all multi-agonists decreased body weight
(Fig. 2A, B). Yet, while GLP1/E and GLP1/GIP reduced body weight by
10% at the end of the treatment, the triagonist caused a 22% reduction
(Fig. 2B). As in PWAmice, suchbodyweight losswas accompanied by a
significant decrease in food intake and fat mass (Fig. 2C, D), while only
mice treated with the triagonist displayed a significant reduction in

leanmass (Fig. 2D). In this PCOSmodel of gestational androgenization,
treatment with GLP1/GIP improved glucose handling, fasting glucose
levels and insulin sensitivity, asdenotedby ITT andHOMA-IR, aswell as
circulating insulin concentrations (Fig. 2E–H), while triagonist therapy
had no effects on glucose handling, but improved insulin sensitivity
and reduced basal glucose levels (Fig. 2E, F, H). In contrast, high doses
of GLP1/E had negligible effects on glucose control, insulin sensitivity,
or circulating glucose and insulin levels (Fig. 2E–G), whereas metfor-
min had no effects on any of the metabolic endpoints (Fig. 2A–H).
Furthermore, treatment with GLP1/E, GLP1/GIP, or metformin did not
modify ovarian and uterus weights, or serum LH levels; only a sig-
nificant drop in serum LH concentration was detected inmice injected
with GLP1/GIP (Suppl. Fig. S4A–C). In contrast, the triagonist induced a
significant decrease in ovarian and uterus weight vs. vehicle-treated
PNA mice (Suppl. Fig. S4A, B). Although metformin did not alter the
abovementioned gonadal parameters, it improved ovarian cyclicity, as
manifested by the presence of two consecutive generations of corpora
lutea, vs. vehicle-injected PNA mice, which displayed clear signs of
altered cyclicity, denoted by the presence of only one generation of
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Fig. 1 |Metabolic effects of high doses of differentGLP1-basedmulti-agonists in
PWA mice. A–H Effects on body weight (A), body weight change (B), food intake
(C), body composition (fat and lean mass change) (D), glucose (upper panel) and
insulin tolerance (E), fasting glucose (F), serum insulin levels (G), and HOMA-IR
index (H) in PWA female mice daily administered with vehicle (saline), GLP1/E
(100nmol/kg), GLP1/GIP (10 nmol/kg), GLP1/GIP/Glucagon triagonist (10 nmol/kg)
ormetformin (300mg/kg) during 28 days. In order to assess integral glucose levels
in the glucose tolerance test, the area under the curve (AUC) was calculated using
the trapezoidal rule. Data were presented as mean± SEM. Group codes: Control +
Veh (C); PWA+Veh (P); PWA+GLP1/E (G/E); PWA+GLP1/GIP (G/G); PWA +
Triagonist (T); PWA +Metformin (M). For each panel, sample sizes (n) were as

follows: A: C = 10; P = 10; G/E = 11; G/G= 11; T = 11; M= 10; B: C = 10; P = 10; G/E = 11;
G/G= 11; T = 11; M= 9; C: C = 8; P = 8; G/E = 6; G/G = 12; T = 12; M =9; D: C = 9; P = 9;
G/E = 11; G/G = 11; T = 12; M= 9; E: (GTT) C = 9; P = 9; G/E = 11; G/G= 11; T = 12; M= 9;
(ITT) C = 10; P = 9; G/E = 11; G/G= 11; T = 12; M= 9; F: C = 9; P = 9; G/E = 11; G/G = 10;
T = 10;M =9;G: C = 9; P = 9;G/E = 9;G/G= 10;T = 12;M= 9;H: C = 9; P = 7;G/E = 9;G/
G = 9; T = 9; M= 8. Statistically significant differences were assessed by one-way
ANOVA followed by Tukey’s multiple comparison tests to analyze the effects of
compound intervention vs. vehicle administration in PWA mice. For reference
purposes, control non-androgenized mice are included (black bars and dashed
lines). Asterisks indicate statistical significance *P <0.05, **P <0.01, ***P <0.001.
Source data are provided as a Source Excel Data file (see Data availability).
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corpora lutea, frequently corresponding to persistent regressing cor-
pora lutea, indicative of occasional ovulations. In contrast, no effects
on ovarian function were observed after treatment with high doses of
the different multi-agonists in this PCOS model (Suppl. Fig. S4D).

Superior metabolic improvement by GLP1/E vs. dual and triple
multi-agonists in PCOS models
We next scaled down the doses of the poly-agonists in both PCOS
models: 50 nmol/kg of GLP1/E and 3nmol/kg of the dual and triple
agonists, as selected according to previous references33–35. In PWAmice,
treatment with GLP1/E caused a significant decrease in body weight
(10%) and fat mass (50%), as well as a reduction in food intake and
substantial improvement in glucose metabolism and insulin sensitivity,
denoted by ITT and HOMA-IR, as well as serum glucose, insulin
(Fig. 3A–H) and leptin levels (Suppl. Fig. S5A). In contrast, the lowdoseof
GLP1/GIP failed to persistently improve bodyweight, body composition,
or food intake, but significantly ameliorated glucose handling and
insulin sensitivity, and reduced basal glucose levels vs. the vehicle-
treated PWA group (Fig. 3A–H). Triagonist-treatedmice showed a slight

reduction of body weight along treatment (2%) and improved glucose
tolerance, although no changes were detected in the other metabolic
parameters analyzed (Fig. 3A–H and Suppl. Fig. S5A–C). As in previous
experiments, intervention with an effective dose of metformin had
minimal effects on themetabolic profile (Fig. 3A–G), except formarginal
improvement of insulin resistance, denoted by a modest reduction of
HOMA-IR (Fig. 3H). No changes in leanmasswereobserved after chronic
treatment with the lower doses of any of the poly-agonists (Fig. 3D).
No significant alterations were detected either in circulating FGF21 or
adiponectin levels (Suppl. Fig. S5B, C). Finally, noneof themulti-agonists
at lower doses, nor metformin, had a beneficial effect on ovarian cycli-
city or any other gonadal parameter, such as ovarian and uterus weights
and circulating LH levels (Suppl. Fig. S5D–F).

In PNA mice, treatment with the lower dose of GLP1/E had also
superior metabolic efficacy vs. GLP1/GIP and the triple-agonist, pro-
moting a sustained and significant decrease in body weight (8%), a
marked reduction in fat tissue (≈40%) and food intake, as well as an
improvement in glucose metabolism (Fig. 4A–H). In contrast, the
metabolic profile PNA mice was unaffected after intervention with
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Fig. 2 |Metabolic effectsof highdosesof differentGLP1-basedmulti-agonists in
PNA mice. A–H Effects on body weight (A), body weight change (B), food intake
(C), body composition (fat and lean mass change) (D), glucose (upper panel) and
insulin tolerance (E), fasting glucose (F), serum insulin levels (G), and HOMA-IR
index (H) in PNA female mice daily administered with vehicle (saline), GLP1/E
(100nmol/kg), GLP1/GIP (10 nmol/kg), GLP1/GIP/Glucagon triagonist (10 nmol/kg),
ormetformin (300mg/kg) during 28 days. In order to assess integral glucose levels
in the glucose tolerance test, the area under the curve (AUC) was calculated using
the trapezoidal rule. Data were presented as mean± SEM. Group codes: Control +
Veh (C); PNA+ Veh (P’); PNA +GLP1/E (G/E); PNA +GLP1/GIP (G/G); PNA + Triagonist
(T); PNA+Metformin (M). For each panel, sample sizes (n) were as follows:A: C = 9;

P’ = 10; G/E = 9; G/G= 8; T = 9;M = 7;B: C = 9; P’ = 10;G/E = 9; G/G= 8; T = 9;M = 7;C:
C = 8; P’ = 10; G/E = 9; G/G= 8; T = 8; M = 6; D: C = 9; P’ = 10; G/E = 8; G/G= 7; T = 9;
M = 7; E: (GTT) C = 9; P’ = 10; G/E = 9; G/G = 8; T = 9; M= 7; (ITT) C = 9; P’ = 10; G/
E = 9; G/G= 5; T = 6; M = 6; F: C = 9, P’ = 10; G/E = 9; G/G = 6; T = 9; M = 7; G: C = 9;
P’ = 10; G/E = 9; G/G= 7; T = 9; M =6; H: C = 9; P’ = 10; G/E = 9; G/G= 6; T = 9; M= 4.
Statistically significant differences were assessed by one-way ANOVA followed by
Tukey’smultiple comparison tests to analyze the effects of compound intervention
vs. vehicle administration in PNA mice. For reference purposes, control non-
androgenized mice are included (black bars and dashed lines). Asterisks indicate
statistical significance *P <0.05, **P <0.01, ***P <0.001. Source data are provided as
a Source Excel Data file (see Data availability).
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lower doses of the dual- and triple-agonists, as well as with metformin
(Fig. 4A–H), except for a significant decrease in basal glucose levels
in GLP1/GIP-treatedmice (Fig. 4F) and reduction in daily food intake in
PNAmice treatedwithmetformin (Fig. 4C). None of the compounds at
low doses caused changes in lean mass (Fig. 4D). Concerning the
gonadal profile, no changes were detected in any of the reproductive
endpoints after treatment with the lower doses of the poly-agonists
(Suppl. Fig. S6A–C).

GLP1/E, at very low doses, is sufficient to ameliorate PCOS-
associated metabolic alterations
Since GLP1/E was superior to any other compound in terms of
improvement of metabolic traits, we next assessed the metabolic
efficacy of very low doses of this multi-agonist in our metabolically
dysregulated PCOS model. To this end, we performed a dose-finding
study in PWA mice, as model with more severe metabolic alterations,
testing the doses of 5, 10, and 25 nmol/kg of GLP1/E. The three doses of
GLP1/E led to a very significant reduction of body weight along the
treatment period (Fig. 5A), with a 10% drop in body weight for the

highest dose, and an 8% reduction with the 10 and 5 nmol/kg doses
relative to vehicle-treated PWA mice (Fig. 5B). Daily treatment with
these doses of GLP1/E also reduced food intake; an effect that reached
statistical significance with the 10 and 25 nmol/kg doses (Fig. 5C). In
good agreement,mice treatedwith GLP1/E displayed significant loss of
fatmass, whichwasgreater in animals exposed to the intermediate and
high doses (Fig. 5D), together with a pronounced reduction in leptin
levels (Suppl. Fig. S7A). No changes in lean mass were detected after
intervention with the different doses of GLP1/E (Fig. 5D). In addition,
mice treated with any of the three low doses of GLP1/E displayed
improved glucose handling and basal glucose levels, with higher
responses in mice treated with 10 and 25 nmol/kg doses (Fig. 5E, F).
GLP1/E significantly ameliorated also insulin sensitivity, as denoted by
ITT and HOMA-IR, regardless of the dose, and reduced basal insulin
levels (Fig. 5E, G, H); yet, the latter was significant only in mice treated
with the highest dose. GLP1/E did not alter adiponectin or FGF21 levels
at any dose (Suppl. Fig. S7B, C). As in previous experiments in PWA
mice, no effects on the gonadal profiles were found after treatments
with GLP1/E, independently of the dose (Suppl. Fig. S7D–F).
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metformin (300mg/kg) during 28 days. In order to assess integral glucose levels in
the glucose tolerance test, the area under the curve (AUC) was calculated using the
trapezoidal rule. Data were presented as mean± SEM. Group codes: Control + Veh
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Data availability).
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Multi-agonist therapy is notbound togastrointestinal distress in
an obese model of PCOS
To explore potential gastrointestinal distress linked to multi-agonist
interventions, as a putative bias for interpretation of their effects, we
conducted kaolin tests in PWA mice. Pica behavior is a validated end-
point to assess the ability of a compound to induce nausea/malaise in
non-vomiting species, as mouse, based on the monitoring of non-
nutritive (kaolin) food intake, as an index of gastrointestinal
discomfort43,44. We assessed equimolar (10 nmol/kg) and effective
doses of GLP1/E, GLP1/GIP, and GLP1/GIP/Glucagon, as docu-
mented in our previous pharmacological tests; body weight, food
intake, and kaolin consumption were monitored along the first
72 h of treatments in PWA mice fed on HFD. We also included a
group treated with GLP1 analog (10 nmol/kg). Treatments with
any of the multi-agonists significantly reduced body weight from
24- to 72-h relative to control PWA animals, while GLP1 decreased
body weight only from 24- to 48-h; the magnitude of such effect
was much lower than of multi-agonists (Suppl. Fig. S8A). In good
agreement, intervention with the multi-agonists significantly

reduced food intake from 2- to 72-h, while the anorectic effects of
GLP1 manifested only from 2- to 24-h (Suppl. Fig. S8B). Notably,
treatments with the multi-agonists or GLP1 did not cause signs of
nausea/malaise at any time-point tested (2–72 h), since pica
behavior (i.e., kaolin intake) was similar, or even lower, in mice
treated with GLP1/E, GLP1/GIP, GLP1/GIP/Glucagon, or GLP1 vs.
the control PWA group (Suppl. Fig. S8C).

Thebodyweight-lowering effects ofmulti-agonists are primarily
due to their anorectic actions
As multi-agonist therapies elicited a marked reduction in body
weight during the first week of treatment, we assessed the putative
mechanisms associatedwith suchweight loss. To this end, we applied
indirect calorimetry and infrared thermography systems in PWA
mice, treatedwith equimolar doses (10 nmol/kg) ofGLP1/E, GLP1/GIP,
andGLP1/GIP/Glucagon, during the first 3 days of treatment; a period
when body weight loss was particularly marked. Treatment with the
multi-agonists caused a very significant reduction in body weight
during the 72-h treatment period, which was more pronounced in
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mice treatedwith GLP1/GIP/Glucagon (Fig. 6A). The decrease in body
weight was associated with a significant reduction in food intake
from 24- to 72-h in all the treatment groups, although the anorectic
effects of the triagonist were greater (Fig. 6B). Conversely, inter-
vention with the multi-agonists did not alter mean energy expendi-
ture or locomotor activity in this PCOSmodel (Fig. 6C, D), suggesting
that, at least in the initial phase of treatment, these compounds drive
their weight-lowering effects mostly by reducing food consumption,
without inducing thermogenic responses. Multi-agonist therapy
altered respiratory quotient, promoting greater fat oxidation
(Fig. 6E), while infrared thermography revealed that treatment with
none of the multi-agonists enhanced interscapular temperature
(Fig. 6F, G).

Superior metabolic efficacy of GLP1/E vs. GLP1 or E mono-
therapies in an obese model of PCOS
Since the 10 nmol/kg dose of GLP1/E was at least as effective as higher
doses in improving the metabolic profile of PCOS mice, we compared
its beneficial effects in terms of body weight, fat mass, glucose

tolerance, insulin sensitivity, and other traits vs. each single con-
stituent of the conjugate, namely GLP1 and estrogen (E). PWA mice
were administered with equimolar doses of GLP1, E, or GLP1/E
(10 nmol/kg), and results were compared with those of vehicle- or
metformin-treated (300mg/kg) PWA mice. GLP1 alone significantly
reduced body weight and fat mass, and improved glucose handling, as
well as serum glucose and insulin concentrations, and insulin sensi-
tivity in this PCOS model (Fig. 7A–H), together with a decrease in cir-
culating leptin levels (Suppl. Fig. S9A). A similar dose of E caused a
slight reduction in body weight and fat mass, as well as a significant
improvement in glucose tolerance and glucose levels (Fig. 7A–G), as
well as a non-significant lowering of circulating leptin (Suppl. Fig. S9A).
However, treatment with equimolar doses of GLP1/E markedly
improved body weight, food intake, fat mass, leptin levels, glucose
metabolism, insulin sensitivity, and circulating insulin levels with far
superior efficacy as compared with GLP1 and E monotherapies
(Fig. 7A–H and Suppl. Fig. S9A). On the other hand, metformin-treated
mice displayed a slight decrease in body weight, fat mass, and circu-
lating glucose, insulin, and leptin levels, which was associated with a
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Excel Data file (see Data availability).
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modest reduction of HOMA-IR index and a drop in daily food intake
(Fig. 7A–H and Suppl. Fig. S9A). As in previous experiments in PWA
mice, no gonadal effects were detected following treatment with the
different drugs, except for a significant reduction in ovarian weight
and an increase in uterus weight in E-treatedmice (Suppl. Fig. S9D–G).
As internal control, in PWA mice, generated by chronic exposure to
exogenous DHT, circulating levels of this androgen were consistently
elevated, without differences among the different experimental
groups (Suppl. Table S1, upper panel). None of the compounds caused
changes in testosterone levels, except for a modest but significant
increase in GLP1-treated PWA mice (Fig. 7I).

GLP1/E improves metabolic and gonadal traits in a PCOS model
of ovarian dysfunction
Wenext assessed themetabolic, gonadal, and hormonal effects of the
intervention with equivalent doses (10 nmol/kg) of GLP1, E, or GLP1/E
in PNA mice, which retain ovulatory capacity albeit with clear dysre-
gulation of ovarian cyclicity. Chronic administration of GLP1
decreased body weight, fat mass, and food intake, whereas no glu-
coregulatory or insulin-sensitizing actions were detected (Fig. 8A–H),
while treatment with a similar dose of E improved only insulin

sensitivity (Fig. 8A–H). As in the PWAmodel, the improvement caused
byGLP1/E therapy in PNAmice in terms of bodyweight, fatmass, food
intake, and insulin sensitivity largely exceeded that of GLP1 or E
monotherapies (Fig. 8A–H). In contrast, metformin did not cause
significant changes in any of the metabolic parameters under analysis
(Fig. 8A–H). Unlike the PWAmodel, circulating DHT levelswere nearly
undetectable and unaltered in PNA mice, regardless of the treatment
(Suppl. Table S1, lower panel). However, GLP1/E reduced testosterone
levels in PNA mice, an effect mimicked by monotherapies and met-
formin (Fig. 8I); a similar profile was detected for serum levels of
progesterone (Suppl. Table S1, lower panel).

In the PNA model, chronic exposure to metformin substantially
improved ovarian cyclicity. Thus, while up to 70% of PNA mice dis-
played irregular cyclicity, characterized by the appearance of only one
generation of (mainly persistent regressing) corpora lutea, 100% of
PNA mice treated with metformin showed regular ovarian cyclicity,
denoted by the presence of two generations of corpora lutea, as a sign
of preserved regular ovulations (Fig. 9A–C). Treatment with a 10 nmol/
kg dose of GLP1 also ameliorated estrous cyclicity, with 80% of PNA
mice showing regular cycles (Fig. 9A–C), although no effects were seen
in the rest of gonadal and hormonal parameters (Fig. 9D–G). Likewise,
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GLP1/E also improved estrous cyclicity and promoted the presence of
two generations of corpora lutea in PNA animals, to a comparable
magnitude to that observed for GLP1 monotherapy (Fig. 9A–C). In
addition, GLP1/E intervention significantly increased serum LH levels
and slightly reduced circulating AMH levels, without altering ovarian
and uterusweights (Fig. 9D–G). Conversely, E treatment alone failed to
normalize estrous cyclicity in the PNA model, as 63% of E-treated PNA
mice displayed clear signs of perturbed ovarian cyclicity (Fig. 9B). E
monotherapy did not alter serum LH and AMH levels, or ovarian
weight, but significantly increased uterus weights (Fig. 9D–H). Impor-
tantly, this uterotrophic effectwasnot observed inGLP1/E-treated PNA
mice (Fig. 9G, H).

Distinct alterations of hypothalamic proteomic profiles by
GLP1/E in lean and obese PCOS mice
Finally, considering that the hypothalamus is likely the primary target of
the GLP1/E conjugate, we assessed changes in global hypothalamic
proteome in PWA and PNA mice following GLP1/E treatment, using

cutting-edge liquid chromatography–tandem mass spectrometry
(LC-MS/MS). Raw data obtained from LC-MS/MS were processed, fil-
tered, and normalized as described in the methods section. Heatmaps
generated using Ward clustering and Euclidean distance measurement
revealed distinct patterns of protein expression between treated and
control groups in both PWA and PNAmodels. In PWA groups, heatmaps
displayed a clear separation between PWA+Vehicle and PWA+GLP1/E,
indicating substantial alterations in proteomic profiles upon treatment,
with both increased and decreased proteins being observed in the
treated group (Fig. 10A—left panel). Similarly, in the PNA group, a
marked difference in expression patterns was observed between PNA+
Vehicle and PNA+GLP1/E conditions, with a noticeable reduction in
protein expression in GLP1/E-treated mice (Fig. 10A—right panel).
Volcano plots further highlighted the differential protein profiles
induced by GLP1/E treatment. In the PWA group, several proteins were
significantly upregulated (red dots) or downregulated (blue dots) when
comparing PWA+GLP1/E to PWA+Vehicle, with an FDR threshold of 0.1
(Fig. 10B—left panel).Notably, proteins suchasMRPS36andRNF181were
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significantly upregulated, while ABCB9 and RIC1were downregulated. In
the PNA group, altered patterns of protein expression were also
observed, with proteins such as CPOX and DPF2 being downregulated,
while AMT and GSTM3 were upregulated (Fig. 10B—right panel).

Random Forest analysis was performed to identify the most
important proteins contributing to a distinction between treatment and
control groups. The Out-of-Bag (OOB) error rates were 0.062 for PWA
conditions and 0.125 for PNA conditions, indicating robust model per-
formance (Fig. 10C). The most important proteins, ranked by Mean
Decrease Accuracy, includedRABGGTA, SRSF4, andNCEH1 for the PWA
group (Fig. 10D-left panel), and CPOX, CAMK2B, and BCAP31 for the
PNA group (Fig. 10D-right panel). These findings are further detailed in
the boxplots, where the top significant proteins identified by Random
Forest analysis demonstrated distinct expression patterns between
treated and control groups. In PWA animals, intervention with GLP1/E
significantly downregulated hypothalamic RABGGTA and NCEH1
expression, while SRSF4was upregulated (Fig. 10E-left panel). In turn, in
PNA mice, treatment with GLP1/E caused a significant reduction
in CPOX and BCAP31 expression, and increased levels of CAMK2B

(Fig. 10E-right panel). In global terms, hypothalamic pathways involved
in autophagy, neurotransmitter release, cytoskeletal remodeling (RHO
GTPases signaling), vesicle-mediated transport and intracellular signal-
ing (PI3K/AKT activation) were upregulated in PWA mice treated with
GLP1/E, while pathways related with vesicle transport, oxidative stress,
DNA repair, metabolism and immune system were downregulated by
GLP1/E treatment (Fig. 10F-left panel). In PNA mice, GLP1/E therapy
caused upregulation of pathways involved in the metabolism of non-
coding RNA, estrogen-dependent gene expression, autophagy, vesicle-
mediated transport, and signaling by nuclear receptors, whereas pro-
teins related to inflammation (ROS and RNS production in phagocytes),
cellular response to starvation, signaling by insulin receptor, apoptosis,
and immune system were downregulated.

Discussion
PCOS is a prevalent, highly heterogeneous condition affecting women
of reproductive age, frequently involving metabolic comorbidities.
The diversity in clinical presentations of PCOS is likely a reflection of
different pathogenic mechanisms, and has implications not only for
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timely diagnosis, but also in terms of prognosis, molecular stratifica-
tion and therapeutic handling of cases. Multiple rodent models of
PCOS, capitalizing mainly on the impact of androgen excess at dif-
ferent developmental windows, with variable penetrance in terms of
reproductive and metabolic impairment, have been used in transla-
tional studies, in order to capture the phenotypic heterogeneity of the
syndrome38. We report herein a series of pharmacological and mole-
cular studies in two validated mouse models of PCOS, generated by
gestational (PNA) or postweaning (PWA) androgenization, addressing
the effects of GLP1-based multi-agonist therapies on metabolic and
reproductive traits of PCOS. Notably, the PNA model mimics a lean
phenotype with subtle metabolic alterations and may phenocopy the
human phenotype B of PCOS45, characterized by hyperandrogenism
and oligo-anovulation, with cycle irregularities. In contrast, PWA mice
display overt metabolic perturbations, including overweight and
impaired glucose homeostasis46, and may mimic the canonical human
phenotype A of PCOS linked to hyperandrogenism, anovulatory cycles,
and polycystic ovarian morphology45. To further exacerbate the meta-
bolic compromise, the effects of the GLP1 multi-agonists were tested in
androgenized animals fed on HFD. Our data delineate the therapeutic
superiority of the di-agonist, GLP1/E, in the management of the

metabolic alterations of PCOS, with beneficial effects also on ovarian
function in our PCOS model of preserved ovulatory function.

Currently, the available therapeutic options for the management
of PCOS remain symptomatic and, in many cases, unsatisfactory.
Considering that obesity and/or insulin resistance are predominant
among patients with PCOS, lifestyle interventions aimed at lessening
the metabolic burden of the syndrome are often at the first-line
approach45. Yet, the efficiency of such interventions is, in many cases,
limited, and additional, second-line treatments are frequently imple-
mented, thatmainly involve the use ofmetformin, as insulin-sensitizer,
with variable efficacy in terms of improvement of reproductive and
metabolic alterations. Very recently, GLP1 monotherapies have also
been applied in the pharmacological management of PCOS, with
promising results32, which are yet to be consolidated in clinical
practice. However, despite previous reports on the potential advan-
tage posed by GLP1-based multi-agonists in the management of
obesity and metabolic disease, as recently exemplified by the dra-
matic body weight-lowering actions of the GLP1/GIP dual agonist,
tirzepatide47, to our knowledge, no study has addressed to date the
pharmacological characterization of GLP1-based unimolecular multi-
agonists for management of reproductive and metabolic alterations
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weights (F, G), and representative images of uterus in PNA female mice (H), daily
treated with vehicle, GLP1 (10 nmol/kg), estrogen (10 nmol/kg), GLP1/E (10 nmol/
kg), or metformin (300mg/kg) during 28 days. Data were presented as mean ±
SEM. Group codes: Control + Veh (C); PNA + Veh (P’); PNA +GLP1 (G); PNA + E (E);
PNA+GLP1/E (G/E); PNA+Metformin (M). For each panel, sample sizes (n) were as
follows: A, B: C= 5; P’ = 5; G = 5; E = 5; G/E = 5; M= 5; C: C = 10; P’ = 9; G = 10; E = 10;

G/E = 12;M = 7;D: C = 10; P’ = 10;G = 10; E = 10;G/E = 10;M = 6; E: C = 6; P’ = 8;G = 10;
E = 9; G/E = 10; M= 7; F, G: C = 10; P’ = 9; G = 10; E = 10; G/E = 12; M= 7. Statistically
significant differences were assessed by one-way ANOVA followed by Tukey’s
multiple comparison tests to analyze the effects of compound intervention vs.
vehicle administration in PNA mice. For reference purposes, values from control
non-androgenized mice are included (black bars and dashed lines). Asterisks indi-
cate statistical significance *P <0.05, **P <0.01, ***P <0.001. CL corpus luteum, PCL
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correspond to 200μm. Source data are provided as a Source Excel Data file
(see Data availability).
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of PCOS, using suitable preclinical models, as pre-requisite for their
application in clinics. Of note, most of the pharmacological testing of
these GLP1-based compounds has been implemented so far in male
models of obesity33–35,48, with limited insight into their effects in
female-specific metabolic conditions. Given the impact of androgen
excess on multiple reproductive and metabolic parameters of
females, such analyses are deemed mandatory in order to define the
potential utility of such compounds for the personalized treatment
of women suffering from PCOS.

The dose-findings studies reported here not only documented the
superior efficacy of GLP1/E in the management of metabolic alterations

in our obese PCOS model, including lowering body weight and adip-
osity, aswell as improvementof glucosehandling and insulin resistance,
but also highlighted a non-monotonic effect of this dual agonist in PNA
mice, with optimal effects being achieved with submaximal doses.
Balance between on- and off-target effects of the dual GLP1/E agonist,
and the concurrence of desensitization at very high doses, might
contribute to this phenomenon. Notably, considerable metabolic
improvement was achieved at relatively low doses of GLP1/E, thus
increasing the safety margin of this compound, which did not cause
uterotrophic effects per se. Also of note, in general terms, GLP1/E was
superior to GLP1/GIP in our PCOS models, despite recent promising

Fig. 10 | Effects of treatment with GLP1/E on hypothalamic proteome in PWA
and PNAmice. AHeatmaps display the normalized intensity of protein expression
across different conditions. The clustering method used is Ward, and the distance
measured is Euclidean. The left heatmap compares PWA+Vehicle (control) against
PWA+GLP1/E (treatment), and the right heatmap compares PNA+Vehicle
(control) against PNA+GLP1/E (treatment). B Volcano plots illustrate the differ-
ential protein levels between treatment and control conditions. A two-sided,
unpaired t-test was used to compare the two groups to assess significant differ-
ences in their means. The left plot shows PWA+Vehicle vs. PWA+GLP1/E, while the
right plot shows PNA+Vehicle vs. PNA+GLP1/E. Proteins with significant differ-
ential expression (FDR threshold 0.1) are highlighted, with upregulated proteins in
red and downregulated ones in blue. C Random Forest out-of-bag (OOB) error
shows OOB error plots from Random Forest analysis for PWA (left) and PNA (right)
conditions. The overall error, as well as errors for each specific condition
(PWA+Vehicle, PWA+GLP1/E, PNA + Vehicle, and PNA+GLP1/E), are shown, indi-
cating the model’s performance and classification accuracy across different num-
bers of trees. D Variable Importance from Random Forest plots showing the mean
decrease accuracy of the most important proteins identified by Random Forest
analysis. The left panel represents the PWA condition, and the right panel repre-
sents the PNA. Proteins are ranked based on their importance in distinguishing
between the control and treatment groups. E Boxplots depicting the expression
levels of the most significant proteins identified by Random Forest analysis. The

three boxplots on the left show representative normalized concentrations for PWA
condition (RABGGTA, SRSF4, and NCEH1), while the right set of three boxplots
shows similar results for PNA (CPOX, CAMK2B, and BCAP31). For each protein,
normalized expression levels are compared between Vehicle (green) and GLP1/E
treatment (red) groups. TheX-axis denotes the experimental groups (i.e., vehicle or
GLP1/E), while the Y-axis corresponds to the normalized protein concentrations.
The boxes represent the interquartile range (IQR) of the normalized values, span-
ning from the 25th percentile (Q1) to the 75th percentile (Q3), with the median
indicated by horizontal lines. The yellow diamond denotes the mean value. The
whiskers extend to theminimumandmaximumvalueswithin the data distribution.
F Selected enriched pathways upregulated and downregulated in PWA and PNA
mice after intervention with GLP1/E are represented in bar graphs. The statistical
test used was the hypergeometric test, adjusted using FDR. The x-axis displays the
−log10of the adjustedP value. Groupcodes: PWA+Veh (P); PWA+GLP1/E (P +G/E);
PNA+ Veh (P’); PNA+GLP1/E (P’ +G/E). Sample sizes (n) were as follows: A: (Left
panel) P = 8; P +G/E = 8; (Right panel) P’ = 8; P’ +G/E = 6; B: (Left panel) P = 8; P +
G/E = 8; (Right panel) P’ = 8; P’ +G/E = 8; C: (Left panel) P = 8; P +G/E = 8; (Right
panel) P’ = 8; P’ +G/E = 8; D: (Left panel) P = 8; P +G/E 8; (Right panel) P’ = 8; P’ +
G/E = 8; E: (Left panel) P = 8; P +G/E = 8, (Right panel) P’ = 8; P’ +G/E = 8; F:
(Left panel) P = 8; P +G/E = 8; (Right panel) P’ = 8; P’ +G/E = 8. MS proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository (see Data availability).
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data on body weight loss (>20%) andmetabolic improvement in people
with obesity treated with tirzepatide47, and the beneficial effects of
GLP1/GIP in female mice with diet-induced obesity41. Intriguingly, GLP1/
GIP had limited efficacy in our PCOSmodel withmore severemetabolic
complications, i.e., PWAmice fed HFD, suggesting that in the presence
of persistently elevated androgen levels, its beneficial effects might be
dampened. Interestingly, clinical trials reported todate on the effects of
tirzepatide did include obese men and women, but results were not
segregated by gender47, thus making it difficult to anticipate whether a
sex dimorphism exist in GLP1/GIP responses. On the other hand, while
the triagonist, GLP1/GIP/Glucagon, was very effective in terms of body
weight lowering, in keeping with previous references42, treatment of
PWA mice led to a massive, likely detrimental weight loss, also at the
expense of lean mass, that was not bound to clear amelioration of
glucose intolerance in androgenized female mice. This is in contrast
with the beneficial effects reported previously for the triagonist, in
terms of reversion of adiposity excess and improved metabolic profile
indiet-inducedobese femalemice42, suggesting that hyperandrogenism
is bound to particular metabolic features that require specific multi-
agonist treatments for maximum efficacy.

Investigation of the mechanisms underlying the beneficial meta-
bolic effects of multi-agonist therapies, conducted in PWA mice, as a
genuine model for the metabolic alterations of PCOS36, revealed a
predominant action in terms of suppression of food intake, with neg-
ligible effects in terms of energy expenditure, thermogenic functionor
locomotor activity. Admittedly, thesemetabolic analyseswere focused
on the initial phase of treatments, as this period displayed the largest
changes in body weight and is less likely affected by compensatory
responses, which might confound the identification of primary
mechanisms. In addition, changes in respiratory quotient pointed out
greater fat oxidation after multi-agonist treatments, which may con-
tribute to the beneficial effects of the compounds in the metabolic
handling of PWAmice. Interestingly, a comparison of acute metabolic
responses with the chronic profiles at the end of the treatment period
strongly suggests that while the different GLP1-based agonists may
share primary mechanisms of action, the durability and efficiency of
their long-term metabolic responses differ, with clear superiority for
the GLP1/E compound. In addition, our data unambiguously docu-
mented that the effects of this and other multi-functional analogs on
body weight and food intake are not merely due to food aversion or
malaise linked to gastrointestinal distress, regarded as one of themain
side-effects of GLP1-based therapy in humans49.

In line with our short-term metabolic analyses, previous studies in
New Zealand obese and diet-induced obese male mice suggested that
GLP1/E acts primarily at central levels to reversemetabolic alterations by
decreasing food intake and body weight, while the potential beneficial
effects on pancreatic beta-cells were possibly secondary and indirectly-
mediated33,48. Similar evidence has been obtained in non-diabetic male
mice50 and rats51. On the latter, studies conducted using site-specific
brain micro-injections and single-photon emission computed tomo-
graphy documented a novel regulatory role of the hypothalamic
supramammillary nucleus in the regulation of food intake and reward,
posing this brain area as oneof themain targets of theGLP1/E conjugate,
alongwith the lateral hypothalamus and the nucleus of the solitary tract,
whose activationmay be responsible for the anorectic, weight-lowering
and reward reducing effects of this multi-agonist51. Our data were con-
gruent with those findings, suggesting that GLP1/E retains its powerful
body weight-lowering effects in female models of persistent andro-
genization and PCOS. Interestingly, the metabolic effects of GLP1/E in
PWAmice were greater than those of GLP1 or E alone, documenting the
potent enhancement of the actions of the individual compounds when
integrated in a single, stable molecule with dual agonist activity, also in
the context of PCOS. This further supports the superiority of GLP1/E vs.
GLP1 monotherapy in the pharmacological handling of metabolic
complications of PCOS. The logic behind this approach is that the

concomitant activation of GLP1 and estrogen receptors may drive
additional favorable effects, when compared with the individual acti-
vation of these pathways, which are known to conduct, on their own,
beneficialmetabolic actions on energy andglucosehomeostasis52.While
the metabolic efficacy of GLP1-RA has been extensively explored, the
metabolic actions of estrogen have received less attention due to the
undesirable oncogenic and reproductive effects linked to estrogen
therapy. Notwithstanding, previous studies have documentedbeneficial
effects of the activation of estrogen receptors in diet-induced obese
females, by reducing body weight and fat accumulation and improving
leptin resistance at central level53,54. In addition, estrogen signaling has
been reported to potentiate the suppressive effects of GLP1-RA on food
reward55. Thus, integrationof bothhormones into a singlemoleculemay
not only maximize the metabolic efficacy of the individual signals, but
allow also specific delivery of estrogen into GLP1 receptor-expressing
cells, avoiding potential undesired effects of estrogen on reproductive
tissues, as shown also in our studies.

Intriguingly, in the two PCOS models tested, metformin was only
marginally effective in improving the metabolic profile, despite the
high dose used and its consideration as gold standard for the treat-
ment of insulin resistance in women suffering PCOS. In fact, only a
modest improvement in insulin resistancewas consistently detected in
PWA mice following treatment with metformin, as reflected by a
moderately reducedHOMA-IR index. These data point to somedegree
of refractoriness in themetabolic responses to this insulin sensitizer in
our models, which could be consistently overcome by the treatment
with GLP1/E, even at low-to-moderate doses. Of note, different reports
have also documented the limited efficacy of similar doses of met-
formin in terms of improvement of metabolic profiles in experimental
models of diabetes in female rats56,57, as well as in PNA mice58, sug-
gesting that themetabolic effects ofmetforminmay beheterogeneous
and inconsistent depending on the dose and preclinical model used.

Assuming a preferential central action of GLP1/E, we conducted
label-free, quantitative proteomic analyses in the hypothalamus of the
two models of PCOS, after chronic treatment with the di-agonist, as a
means to disclose putative pathways for themetabolic actions of the di-
agonist, and the basis for the partially differential responses between
the two models of PCOS, which diverge also in terms of phenotypic
presentation. Molecular hypothalamic profiling revealed common and
distinct proteins and pathways being affected by GLP1/E in the two
PCOSmodels, with a consistently higher number of individual proteins
being differentially expressed (DE), either up- or down-regulated, in the
hypothalamus of PWA mice treated with GLP1/E vs. PNA animals. Such
molecular changes help to delineate putative mechanisms of action of
the di-agonist, with consistent upregulation of factors involved in
autophagy, neurotransmitter release, cytoskeletal remodeling, vesicle-
mediated transport, and intracellular signaling, and downregulation of
pathways related, among others, with oxidative stress, DNA repair and
immune system in PWA mice, which showed consistent metabolic
improvement at all doses ofGLP1/E.GLP1/E therapy also elicited specific
changes in the hypothalamic proteomic profile in PNA mice, upregu-
latingproteins involved in themetabolismof non-codingRNA, signaling
of nuclear receptor and estrogen-dependent gene expression and
downregulating pathways involved in apoptosis, signaling by insulin
receptor and cellular responses to starvation. These distinct proteomic
responses inPWAvs. PNAmicemayprovide thebasis for thedifferential
efficiency of GLP1/E in these two PCOS models. Interestingly, however,
common responses toGLP1/Ewereobserved inbothPCOSmodels,with
upregulation of hypothalamic pathways involved in autophagy and
vesicle-mediated transport, and downregulation of pathways primarily
related to the immune system.

The ultimate pathways whereby these molecular changes may
translate into changes in body weight andmetabolic (dys)function are
yet to be fully disclosed, but alterations in the hypothalamic proteome
involved in inflammatory and apoptotic processes, as well as in
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autophagy and vesicular trafficking, may play a role. Our proteomic
data suggest that GLP1/E promotes the downregulation of proteins
involved in immune response in both PCOS models. It is well known
that HFD-induced obesity promotes low-grade hypothalamic inflam-
mation, causing deregulation of central mechanisms that control
energy homeostasis59, and both physical exercise and some pharma-
cotherapies have been shown to improve systemic metabolism by
attenuating hypothalamic inflammation60,61. In addition, HFD also
promotes apoptotic processes at the hypothalamic level62, andweight-
lowering therapies, as exercise, contribute to mitigate apoptosis in
hypothalamic neurons60. In our PCOS models, GLP1/E may ameliorate
hypothalamic inflammation, as reflected by a reduced expression of
proteins related to the immune system, and attenuate apoptotic
responses. On the latter, specific proteins involved in the activation of
apoptosis, such as BCAP31, were downregulated at the hypothalamus
after GLP1/E treatment. Defective hypothalamic autophagy and vesi-
cular trafficking are also considered relevant pathogenic factors in the
development of obesity63,64. Activation of autophagy is regarded as a
promising strategy for the prevention and treatment of metabolic
diseases65. GLP1/E therapy led to upregulation of pathways involved in
autophagy and vesicle-mediated transport, suggesting that this inter-
vention enhances hypothalamic autophagy, a mechanism that may
contribute to the metabolic improvement observed in GLP1/E-treated
animals. Our data also document changes in other specific hypotha-
lamic signaling pathways that may be related to the metabolic effects
of the multi-agonist, as is the case of calcium/calmodulin-dependent
protein kinase 2 (CAMK2). This enzyme participates in the regulation
of energy balance by modulating hypothalamic production of the
orexigenic peptide NPY66. Pharmacological inhibition of hypothalamic
CAMK2 has been shown to reduce food intake and body weight by
decreasing NPY expression66. Intriguingly, in our studies, hypotha-
lamic CAMK2 expression was upregulated by GLP1/E; an effect that
may be due to compensatory mechanisms in response to the marked
reduction of bodyweight after chronic treatmentwithGLP1/E. All in all,
while identification of the molecular mechanisms for its beneficial
metabolic effects warrants further investigation, our proteomic data
strongly suggest a distinctive role of central actions of GLP1/E for the
amelioration of the metabolic profiles of our PCOS models.

Inparallel to theirmetabolic impact, the reproductive effects of the
GLP1-based multi-agonists were also assessed in PNA and PWA models
of PCOS, particularly for GLP1/E. Of note, the reproductive phenotype
of these two models is partially divergent, mimicking conditions of
cycle irregularities but preserved ovulation (PNA) or complete anovu-
lation (PWA), which also exist in clinics among women suffering from
the syndrome38. For the PWA model of persistent hyperandrogenism,
none of the multi-agonist was able to substantially ameliorate the state
of reproductive dysfunction, as manifested by a lack of effects on sex
organ weights or reproductive hormone levels, as well as by the failure
to rescue ovulation. This is somewhat unsurprising, given the fact that
persistently elevated androgen levels in PWA rodents have been shown
to prevent ovulatory rescue after administration of more proxy activa-
tors of the reproductive axis, such as kisspeptin46. The inability of the
multi-agonists to restore gonadal function in PWA mice is likely due to
chronic exposure to fixed concentrations of the exogenous androgen,
DHT, which may limit the eventual beneficial effects of the compounds
at thegonadal level, evenwhensubstantialmetabolic improvements are
achieved. Importantly, the vast majority of the available PCOS models
are generated by exogenous administration of androgens during spe-
cific developmental windows, which hampers evaluation of the effects
of treatments on endogenous androgen secretion andovarian function.
In addition, despite previous reports on the capacity of GLP1 on its own
to activate the female reproductive axis67, this effectwas notdetected in
our study, with no long-term impact on LH or AMH levels, which might
suggest a state of refractoriness due to persistent androgenization.
However, it must be stressed that, despite the lack of reproductive

improvement, even low doses of GLP1/E were sufficient to markedly
improve the metabolic perturbations in PWA mice, thus defining an
optimal scenario for occasions in which the main therapeutic objective
wouldbemetabolic normalization rather than reproductive rescue, as is
actually the case formostwomenwith PCOS,without pregnancydesire,
which are submitted to continued hormonal contraception plus met-
formin treatment. Whether this should be regarded as specific meta-
bolic treatment, targeting only the metabolic alterations of the
syndrome, is debatable, since the improvement in metabolic condi-
tions, e.g., insulin resistance, would tenably have a positive impact also
in gonadal function in women with PCOS. Anyhow, according to our
preclinical data, GLP1/Emay be superior in terms ofmetabolic handling
in women with PCOS and obesity not actively seeking pregnancy, as
reflected by our results in the metabolically-compromised PWAmice36.

Interestingly, reproductive responseswere partially different in the
PCOSmodel of preservedovulation, since treatment of PNAmicewith a
low dose of GLP1/E was capable to elevate LH levels and reversed, to a
large extent, the ovarian cycle irregularities observed in PNA mice
treated with vehicle. Notably, these effects were not mimicked by E
alone, which failed to rescue cycle perturbations and had a discernible
uterotrophic action, but were replicated, in terms of reversal of irre-
gularities of the ovarian cycle, byGLP1 alone, which nonetheless did not
elevate LH levels. Interestingly, despite the lack of consistent actions of
metformin in terms of metabolic profiles, treatment with the insulin
sensitizer caused a complete normalization of ovarian cyclicity, point-
ing to a discernible reproductive effect of metformin in some PCOS
conditions, in line with clinical literature68, although conflictive results
have been reported also69. In any event, taken as awhole, our preclinical
data point out that GLP1/E-based therapies would be superior than
metformin also for an integral management of the metabolic and
reproductive complications of milder cases of PCOS, with less severe
metabolic alterations and preserved ovulatory function.

In sum, our data document the beneficial effects of GLP1-based
multi-agonists, and particularly GLP1/E, in two models of PCOS, with
the identification of optimal doses, main metabolic and reproductive
effects, and tenable hypothalamic pathways targeted. Comparison
with previously reported responses to different GLP1 multi-agonists in
other (non-androgenic)models of obesity (see Suppl. Table S2) clearly
illustrates that the beneficial effects of GLP1/E are not merely an
extension of the positive impact of GLP1-based therapies on as yet
another models of obesity, but rather represent a genuine phenom-
enon, which sets the grounds for the therapeutic use of this novel
family of unimolecular compounds with hormonal multi-agonist
activity in the personalized management of PCOS.

Methods
Study approval
All the related experiments and protocols used in these studies were
approved by the Ethical Committees of the University of Cordoba
and Junta de Andalusia (Spain), according to EU normative for the
use and care of experimental animals (EU Directive 2010/63/UE,
September 2010).

Animals and diets
C57BL6/J female mice bred at the vivarium of the University of Cor-
doba were used. Mice were housed under stable conditions of tem-
perature (22 ± 2 °C), humidity (20%), and light (12 h light/dark cycle),
with free access to tap water and diet. As described in the results
section, the animals included in the experimental design, including
the non-androgenized controls, were fed a high-fat diet with 58% kcal
from fat, 25.5% from carbohydrates, and 16.4% from proteins
(Research Diets, D12331). This protocol was applied to exacerbate
metabolic impairment in the models of PCOS, commonly seen in
this syndrome, and as a means to define adverse conditions where to
test the therapeutic potential of the selected multi-agonists. Yet, in
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specific experiments, non-androgenized control animals, included
for reference purposes, were fed a standard chow diet, with a
dry matter composition of 3.5% fat, 5.9% fiber, 14% proteins, and
57.5% water-soluble carbohydrates, estimated as N-free-extracts
(LASQdiet®, Rod14-R).

Experimental design
In order to generate the murine models of PCOS, C57BL6/J male and
femalemicewere purchased fromCharles River Laboratories (France).
Once arrived at the vivarium of the University of Cordoba at IMIBIC,
animals were housed under stable conditions. After an acclimatization
period, animals weremated, and specific protocols of androgenization
were applied (see below). Due to the heterogeneity in the clinical
presentation of PCOS, twowell-validatedmurinemodels of PCOS37,46,70

were used.
In detail, a PCOS model was generated by applying a prenatal

androgenization (PNA) protocol. In order to generate this model and
induce PCOS-like traits in adult offspring, pregnant dams were admi-
nistered with a daily dose of the androgen dihydrotestosterone (DHT,
250μg/day) during gestational days 16, 17, and 18. This androgenization
protocol is sufficient to induce a PCOS-like phenotype in the female
offspring, characterized by modest metabolic alterations and ovarian
irregularities. Note that these animals are not permanently exposed to
exogenous androgens in adulthood. In addition, a postweaning andro-
genization (PWA)modelwasgeneratedby implantationof subcutaneous
capsules containing DHT (10mg) to female mice after weaning (day 21),
thereby allowing chronic androgen exposure up to adulthood. This PWA
model mimics a subtype of PCOS patients that exhibit chronic hyper-
androgenism, with marked metabolic, hormonal, and reproductive/
gonadal alterations, which represent the majority of cases.

In both PCOS models, dietary intervention (HFD) was initiated
after weaning, whereas pharmacological treatments started on
postnatal day (PND) 80. Prior to initiation of treatments, mice were
randomized and distributed into groups allowing similar mean
values of body weight and fat mass. Animals were daily administered
(s.c.) with optimal doses of the different GLP1-based multi-agonists
or vehicle (saline) for 28 consecutive days. In order to validate the
PCOS models, non-androgenized controls treated with vehicle were
also included in the different studies. In addition, in order to com-
pare the pharmacological efficacy of the multi-agonists with the
standard treatment, subgroups of animals were orally treated with a
daily dose of metformin (300mg/kg); a dose adjusted to that
employed in humans bymeans of the application of the body surface
area normalization method71, frequently used in rodent models72,73.
After chronic treatment (completed by PND108), animals were
euthanized, and blood and tissue samples were collected, processed,
andproperly stored until analyzed. A schematic representationof the
generation of the murine models of PCOS and the experimental
design is depicted in Suppl. Fig. S1.

Compound synthesis and formulation
The different GLP1-based multi-agonists employed in the study,
including GLP1/E, GLP1/GIP dual agonist, and GLP1/GIP/glucagon tria-
gonist, as well as the GLP1 mono-agonist, were synthesized, purified
and characterized as extensively reported elsewhere33–35,74. Estrogen
(17β-estradiol, Sigma-Aldrich; MO, USA) was dissolved in 100% ethanol
and diluted in saline solution to the required concentration. Metfor-
min (1,1-Dimethylbiguanide hydrochloride, Sigma-Aldrich; MO, USA)
was dissolved to the necessary concentration in saline solution.

Analysis of body composition
For the determination of changes in body composition, whole-body
composition (fat and leanmass)wasmeasuredprior to initiation and at
the end of treatments by using nuclear magnetic resonance technol-
ogy (EchoMRI; TX, USA).

Glucose and insulin tolerance tests
In order to assess the effects of the different pharmacotherapies on
glucose tolerance, animals were subjected to an intraperitoneal glu-
cose tolerance test (GTT) during the thirdweek of treatment, 24 h after
the last drug administration. Mice were fasted for 5 h at the beginning
of the light cycle, and then intraperitoneally injected with 2 g of glu-
cose per kg body weight. Glucose levels were determined in blood
samples before (0) and at 15, 30, 60, and 120min following glucose
administration. For the evaluation of the effects of treatments on
insulin sensitivity, insulin tolerance tests (ITT) were conducted 5 days
after implementation of the GTTs, which allowed the proper recovery
and washout of the animals. In this case, 5-h-fasted mice were intra-
peritoneally administered with 0.75 U of insulin (Sigma-Aldrich, MO,
USA) per kg body weight, and blood glucose concentrations were
determined before (0) and at 15, 30, 60, and 120min after insulin
injection. In both tests, circulating glucose levels were measured by
using a handheld digital glucometer (Roche Diagnostics; Barcelona,
Spain) in blood samples taken from the tail vein.

Calculation of HOMA-IR index
Thehomeostaticmodelassessmentof insulinresistance(HOMA-IR)was
calculated using the formula: HOMA-IR = [fasting insulin (mU/L) ×
fasting glucose (mg/dL)/405]75. For calculation, 5-h fasting blood sam-
ples were collected from the tail, and glucose and insulin levels were
determined using a digital glucometer (Roche) and a commercial
ultrasensitive insulin ELISA kit (ALPCO; NH, USA), respectively.

Determination of circulating hormones
After euthanasia, trunk blood was collected, centrifuged at 2800×g
and 4 °C for 10min, and serumwas collected and stored at −20 °C until
measurements. Circulating LH levels were quantified using an ultra-
sensitive sandwich ELISA, following specific protocols described
elsewhere76. For the determination of serum insulin levels, a com-
mercial ultrasensitive ELISA kit was used (ALPCO). Serum leptin and
adiponectin concentrations were also measured by commercially
sensitive ELISA kits (Crystal Chem; IL, USA). Similarly, AMH and
FGF21 serum levels were quantified by using commercial ELISA kits
provided by Ansh Labs (TX, USA) and EMDMilliporeCorporation (MO,
USA), respectively. All the commercial assays were performed follow-
ing the protocols supplied by the manufacturer.

Evaluation of gastrointestinal distress by the multi-agonists:
Pica test
To investigate whether multi-agonist therapy is bound to gastro-
intestinal distress, pica tests were conducted in PWAmice treated with
the multi-functional drugs. Pica test serves as an indirect indicator of
nausea/malaise in non-vomiting species (e.g., mice), assessed through
the ingestion of kaolin clay, a non-nutritive substance that mice
instinctively consume as a response to gastrointestinal discomfort77.
PWA and control non-androgenized mice were exposed to kaolin pel-
lets (ResearchDiets, K50001) 10days prior to the start of the treatments
to allow for adaptation to kaolin clay. When treatments were initiated,
mice had ad libitum access to food, water, and kaolin pellets. Animals
were daily administered with equivalent doses (10 nmol/kg) of GLP1/E,
GLP1/GIP, or GLP1/GIP/Glucagon for 3 days. For comparative purposes,
a group treated with a similar dose of a GLP1 analog and a non-
androgenized control group treated with a vehicle were also included.
Body weight changes were monitored daily along the treatment, and
food and kaolin intakes were measured at 2-, 4-, 8-, 24-, 48-, and 72-h.

Indirect calorimetry analyses
To assess the weight-lowering mechanisms linked to multi-agonists
therapy, an indirect calorimetry system Oxylet ProTM (PANLAB; Bar-
celona, Spain) was used. Briefly, PWAmice were individually placed in
the metabolic cages 24 h prior to initiation of the experiment to allow
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for an adaptation period. After this acclimation period, mice from
different groups were administered once daily with vehicle or
equivalent doses (10 nmol/kg) of GLP1/E, GLP1/GIP, or GLP1/GIP/Glu-
cagon for 3 consecutive days. During this 72-hour period, body weight
and food intake were dailymonitored, and oxygen consumption (VO2)
and carbon dioxide production (VCO2) were measured every 9min.
Monitoring of VO2 and VCO2 allowed the calculation of energy
expenditure and respiratory quotient. Home-cage locomotor activity
was measured also along the treatments by means of an extensio-
metric weight transducer integrated below each cage.

Infrared thermography
To determine the effects of multi-agonists treatment on thermogen-
esis, infrared pictures were taken with a handheld infrared thermal
camera (FLIR Systems E54; Oregon, USA). PWA mice were placed on
their cage grid, and pictures of the interscapular brown adipose tissue
area were taken 6 h after acute administration with GLP1/E, GLP1/GIP,
or GLP1/GIP/Glucagon (10 nmol/kg). The images were processed using
the software FLIR ResearchIR MAX (4.40.12.38), and the mean tem-
perature of brown adipose tissue area was represented.

Sex steroid measurements
In order to accurately perform a comprehensive analysis of sex steroid
profile in both PCOS models, specific protocols of LC-MS/MS
were applied as described elsewhere78. This analytical procedure
allowed accurate determination of testosterone, dihydrotestosterone,
androstenedione, progesterone, 17-alpha hydroxyprogesterone, and
estradiol levels in serum samples from PNA and PWA mice.

Ovarian histological analyses and estrous cyclicity
The dissected ovaries were fixed in a commercial Bouin solution (VWR;
PA, USA) for at least 24 h. Subsequently, ovaries were processed for
paraffin embedding, and sections of 10-μm thickness were cut from
each sample. The sectionswere stainedwithhematoxylin andeosin, and
analyzed under the microscope. For the assessment of ovulation, the
presence of corpora lutea was assessed. For evaluation of the ovarian
cyclicity in the ovulatory model of PCOS, analysis of the youngest and
oldest generation of corpora lutea was conducted, using validated
histological protocols79. In addition, estrous cycles were monitored by
daily vaginal cytology during the last 12 days of intervention with the
different compounds, using well-validated protocols for histological
identification of the prototypical cellularity at each phase of the cycle.

Preparation of hypothalamic samples for LC-MS/MS analysis
For the proteomic analysis by LC-MS/MS, hypothalamic samples were
dissected, immediately frozen in liquid nitrogen, and stored at −80 °C
until used. A total of 6–8 samples per experimental group were col-
lected. For protein extraction, each tissue was placed into a tube
containing a lysis buffer consisting of 20mM Tris HCl with pH 7.6,
0.5M Sucrose, 0.15M KCl, 20mM DTT supplemented with 100μL/mL
of a protease inhibitor cocktail (Sigma-Aldrich, MO, USA) in a 1:3 (v/v)
ratio. Then, tissues were homogenized using a pestle, and the homo-
genate was maintained on ice throughout the procedure to prevent
protease activity. The homogenateswere then centrifuged at 15,000×g
for 20min at 4 °C to eliminate remaining waste. Next, the supernatant
was obtained by carefully removing the lipid layer andwas centrifuged
again at 15,000×g for 20min at 4 °C to ensure all lipid phase removal.
Next, all samples were precipitated and washed using a standard
Methanol/Chloroform protocol adapted from previous references80.
Subsequently, total protein content was quantified by micro-
fluorometry using a Qubit 2.0 Fluorometer (Invitrogen; MA, USA).
Samples were then subjected to enzymatic digestionwith trypsin/LysC
(Preomics; Planegg, Germany) and analyzed by LC-MS/MS using an
EvosepOne nanoLC (Evosep; Odense, Denmark) and a timsTOF-FLEX
mass spectrometer (Bruker Daltonics; Bremen, Germany). Prior to MS

Analysis, the system was calibrated not only in mass dimension but
also in ion mobility by using a spiked filter with reference calibrants
(lock masses) with three Agilent ESI-L Tuning Mix ions, and the colli-
sion energy was decreased linearly from 45 eV at 1/K0 = 1.30 Vs cm−2 to
27 eV at 1/K0 =0.85 Vs cm−2. For the DIA-PASEF method, we used
the Bruker standard ‘short gradient’method (m/z range: 475–1000Da,
1/K0 range: 0.85–1.27 Vs cm−2, diaPASEF windows: 21 × 25Da).

LC-MS/MS analysis
DIA-NN 1.8 (https://github.com/vdemichev/DiaNN/releases/tag/1.8) was
used first to build an in silico library data from the Mouse Reference
Proteome (https://www.uniprot.org/proteomes/UP000000589, Feb
2022 version), enabling options “FASTA digest for library-free search/
library generation”, “Deep learning based spectra” and “RTs and IMs
prediction”. ForDIA-PASEFanalysis, the spectral library generated in the
previous step was added. A total of 17,071 protein isoforms, 22,328
protein groups, and 347,0676 precursors in 1160,479 elution groups
were used to build this library. MS1 and MS2 accuracy, and retention
time window scans, were set to 0 allowing DIA-NN to perform their
automatic inference using first run in the experiment (DIA-NN recom-
mendedMS1 mass accuracy setting: 12.7639 ppm). Protein inference in
DIA-NN was configured to use the protein names from the FASTA file
(the sameFASTAfile used for the spectral library generationwas added)
withMBRenabled.When reporting protein numbers andquantities, the
Protein.Group column in DIA-NN’s report was used to identify the
protein group and PG.MaxLFQ column was used to obtain the nor-
malized quantity. The quantification mode was set to “Any LC (high
accuracy)”. Following previously published recommendations, DIA-
NN’s output was filtered at precursor q value <1% and global protein
q value <1%. The numbers of precursors/proteins were obtained based
on filtering the library for precursors within the charge range from 2 to
4 and themass range adjusted to our acquisition scheme. All other DIA-
NN settings were left default, using RT-dependent cross-run normal-
ization and filtering the output at 1% FDR. The number of threads used
byDIA-NN,were 52, and the speedandRAMoptionwas set toUltra-Fast.

Proteomics data analysis
A Comprehensive data management procedure encompassing three
key steps was carried out to ensure the robustness and comparability
of our dataset. First, for sample normalization, we employed Quantile
normalization, which adjusts the data to conform to a common
distribution81, thereby minimizing technical variability. Second, for
data transformation, we applied a log transformation (base 10), which
helps in stabilizing variance and normalizing data distribution, making
the data more suitable for downstream analysis82. Finally, for data
scaling, we used Pareto scaling, a technique where each variable is
mean-centered and divided by the square root of its standard devia-
tion. This method strikes a balance by reducing the impact of large-
fold changes while preserving the inherent variability of the data.

In terms of statistical analysis, we followed two main approaches.
First, we conducted a univariate analysis adjusted by false discovery
rate (FDR) (p value <0.05), specifically using a Volcano plot, which
combines fold change analysis and t-tests to identify significantly dif-
ferentially expressed proteins. Univariate analysis provides a straight-
forward assessment of individual features, highlighting those with
significant differences between groups. This approach is valuable for
understanding specific variables that stand out on their own. Second,
we employed classification and feature selectionmethods; in this case,
we used a Random Forest algorithm that considers the inter-
dependencies between features, offering insights into the combined
effect of multiple variables. The Random Forest model (see https://
journal.r-project.org/articles/RN-2002-022/) was configured with 500
trees, and the out-of-bag (OOB) error was used as a quality control
metric to evaluate the model’s performance. From the Random Forest
analysis, we selected the most significant proteins based on the Mean
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Decrease Accuracy, which were then used for subsequent pathway
analysis. Overall, the combination of these approaches (i.e., univariate
analysis andRandomForest) leverages the strengths of bothunivariate
and multivariate analyses, leading to a more robust and comprehen-
sive understanding of the data. Finally, the pathway analysis was per-
formed using ShinyGO v0.8083 and Reactome84 to investigate the
enriched pathways associated with the significant proteins identified
by the Random Forest method and Volcano plots. These analysis were
carried out employing R (version 4.0.5) and subsidiary packages85.

General statistics
Graphs and statistical analyses were performed using GraphPad Prism
software V8.2.1 (Boston; MA, USA). All data are presented as the
mean± SEM. Differences among treatment groups were considered
statistically significant when P < 0.05 by applying a one-way ANOVA
followed by Tukey’s multiple comparison analysis. Markers for sig-
nificance and sample sizes are shown in figure legends. Group sizes
were defined based in previous analogous studies, supported also by
our historical a priori power calculations and values of standard
deviation obtained previously when measuring similar parameters.
Animal availability for implementation of all different analytical
determinations within the timeframe of our chronic experiments was
also considered. As a general procedure, the investigators directly
performing the experimental procedures were not blinded to the
group allocation, but data analyses by senior authors were largely
conducted independently to avoid potential bias.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The sourcedata supporting thefindingsof this article are included in this
article and its supplementary informationfiles. Theoriginal experimental
data generated in this study have been deposited in the Mendeley Data
repository (https://data.mendeley.com/datasets/7j94gwthv7/1) under
accession code https://doi.org/10.17632/7j94gwthv7.1. The MS pro-
teomics data have been deposited to the ProteomeXchangeConsortium
via the PRIDE partner repository (https://www.ebi.ac.uk/pride/)86, with
the dataset identifier PXD044134. Any other information regarding the
data is available from corresponding authors, upon request.
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