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ARTICLE INFO ABSTRACT

Keywords: Neuropeptide Y (NPY) is a key regulator of energy homeostasis, acting through various receptor subtypes in both
Neuropeptide Y central and peripheral systems. Increasing interest has been directed toward exploiting NPY as a pharmacological
Obesity

target in obesity. While the orexigenic role of NPY in the hypothalamus is well established, its downstream
effects on peripheral metabolism remain less defined, particularly when perturbations to the system are
introduced.

Previously, we observed that female mice with limbic NPY-Y1 receptor gene (Npylr) knockout (KO) under
different dietary conditions (standard, SD, or high-fat diet, HFD) accumulated more subcutaneous white adipose
tissue (WAT) compared to wild-type in the absence of gonadal hormones, despite no changes in food intake. To
deepen the mechanisms underlying these effects, we conducted molecular analyses on WAT of these mice.

We found that Npy gene expression was upregulated in WAT of HFD-fed mice, regardless of genotype.
However, NPY peptide levels were reduced in both KO and HFD groups, suggesting post-transcriptional regu-
lation of NPY under metabolic stress. NPY-Y2 receptor gene (Npy2r) expression in WAT was significantly
increased in both KO and HFD while Npy1r expression in WAT remained unchanged across groups.

Genes involved in WAT metabolism were similarly upregulated in both KO and HFD mice, indicating that
limbic Npylr KO mimics some of the metabolic effects induced by HFD. Correlation analysis suggests that
dysregulated NPY signalling may promote increased lipid storage and reduce energy expenditure.

Overall, these findings highlight the complex interplay between central and peripheral NPY signalling
emphasizing the importance of caution when investigating therapeutic strategies targeting single NPY receptors.

Overall, these findings highlight the complex interplay between central NpyIr signalling and peripheral adi-
pose tissue regulation. They also emphasize the importance of caution when investigating new therapeutic
strategies targeting single NPY receptors, as central interventions may provoke maladaptive metabolic responses
in peripheral tissues.

Metabolic syndrome
High fat diet
White adipose tissue

1. Introduction

Obesity and metabolic disorders are nowadays dominating pathol-
ogies in the western world, due to changes in lifestyle and numerous
other contributing factors (Lin and Li, 2021). Until recently, the clinical
management of obesity was primarily done via behavioural strategies,
but some highly successful pharmacological approaches have changed
the landscape of available options (Ahima, 2016; Miiller et al., 2022).

Therapeutic peptides, particularly those that mimic the Glucagon-Like
Peptide-1, have found great success as weight loss therapies
(Popoviciu et al., 2023; Wang et al., 2023). Advanced therapies have
tried to add onto the moiety for Glucagon-Like Peptide-1 agonism an
activity of other peptides involved in metabolism. Dual agonists acting
on Glucose-dependent Insulinotropic Polypeptide, Glucagon, and other
hormone receptors are currently in use in the clinic; all these research
efforts have shed light on the importance of peptides in metabolic
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disorders (Alfaris et al., 2024; Boughton and Murphy, 2013; Melson
et al., 2024). Numerous other peptides have been identified to play a
role in metabolism, food consumption, and energy intake
(Ignot-Gutiérrez et al., 2024; Prinz and Stengel, 2017; Wang et al.,
2022). Some of them are neuropeptides that act locally, while others
have hormonal activities, with intricate interplays between the central
and peripheral systems.

Among them, Neuropeptide Y (NPY), part of the pancreatic poly-
peptide family, is widely expressed in the central and peripheral nervous
systems, as well as in non-neuronal tissues (Kumari et al., 2024; Heilig
and Widerlov, 1990). NPY is involved in a variety of physiological
processes, most notably the feeding behaviours and energy expenditure
(Holzer et al., 2012; Lin et al., 2015; Loh et al., 2017). NPY is known as
one of the most important orexigenic mediators; in the arcuate nucleus
of the hypothalamus, under the influence of mediators like ghrelin and
insulin, its release promotes food intake (Kohno and Yada, 2012; Loh
et al., 2017). NPY effects are mediated by a family of G-protein-coupled
receptors (Y1, Y2, Y4, Y5, and Y6), each with distinct function and tissue
distribution (Blomqvist and Herzog, 1997; Brothers and Wahlestedt,
2010; Fetissov et al., 2004). In addition to its well-established role as a
central neurotransmitter, NPY is also involved in both catecholamin-
ergic and non-catecholaminergic neurons signalling to peripheral tissues
where its receptors are expressed. However, the exact mechanisms by
which NPY modulates autonomic activity remain incompletely under-
stood (Zhang et al., 2014; Kumari et al., 2024; Statello et al., 2017).

In recent years, inconsistent findings have emerged, particularly
from animal studies, largely due to diverse experimental settings in
which NPY seems to play contrasting roles depending on feeding con-
ditions and sex (Bertocchi et al., 2020; Yang et al., 2008; Zhang et al.,
2014; Zhu et al., 2024). One of the most intricate aspects is the interplay
between central and peripheral NPY's effects, particularly when per-
turbations of the system are induced (Oberto et al.,, 2022). In this
context, a better understanding of the physiological consequences of
targeting NPY signalling is crucial for the development of effective
interventions.

The present study, building on our previous work (Oberto et al.,
2022), aims to investigate whether the central deletion of the NPY-Y1
receptor gene (Npylr) induces compensatory or downstream effects in
peripheral tissues, with a particular focus on white adipose depots. In
our prior study, we demonstrated that selective genetic ablation of
Npylr in the limbic system of female mice disrupted the central regu-
lation of energy homeostasis via a hypothalamic-related pathway in the
absence of gonadal hormones. Indeed, specifically, ovariectomized
(ovx) NpylIr knockout (KO) mice fed either with standard diet (SD) or
high fat diet (HFD) showed a significant increase in subcutaneous white
adipose tissue (WAT) compared to wild-type (WT) mice. These findings
suggested an interaction between hypothalamic NpyIr signalling and
gonadal hormones in regulating peripheral metabolic function. How-
ever, the molecular mechanisms underlying these observations
remained unclear. Therefore, in this study, we extend these findings to
elucidate the potential pathways through which central NPY signalling
influences adipose tissue metabolism.

2. Materials and methods
2.1. Specific aim and experimental design

In this study, we aimed to investigate the impact of NpyIr limbic KO,
alone or in combination with HFD feeding, on the peripheral signalling
of NPY and on adipose tissue function. Specifically, we used an already
established model from which we collected WAT samples to perform the
following analysis:

1) Quantitative Real Time-Polymerase Chain Reaction (qPCR) was
performed to evaluate the gene expression of Npy, Npylr, NPY-Y2
receptor (Npy2r), NPY-Y5 receptor (Npy5r), and key genes involved

Neuropharmacology 292 (2026) 110941

in adipose tissue function, Sterol regulatory element-binding tran-
scription factor 1 (Srebf1), Carnitine palmitoyltransferase I (Cptla),
Peroxisome proliferator-activated receptor alpha (Ppara), Uncou-
pling Protein 1 (Ucpl), and Peroxisome proliferator-activated re-
ceptor gamma coactivator 1 alpha (Ppargcla).

2) Enzyme-Linked Immunosorbent Assay (ELISA) to measure subcu-
taneous WAT concentration of NPY.

3) Correlation analysis between NPY pathway genes linking them to
adipose tissue metabolism

Detailed procedures are described in the following paragraphs.

2.2. Animals

All animal procedures were conducted in accordance with Italian
legislation (D.L.26/2014) and European Directive 2010/63/EU, with
approval by the Animal Welfare Body (Organismo Preposto al Benessere
Animale, OPBA) of the University of Turin, Turin, Italy and by the Italian
Ministry of Health (approval n. 574/2016-PR). The animal cohort and
procedure used to induce Npy1r conditional inactivation are reported in
detail in the previously published study (Oberto et al., 2022). Briefly,
inactivation of the NpyIr gene in the juvenile forebrain was achieved in
mice carrying gene-targeted floxed NpyIr alleles and an inducible Cre
recombinase transgene controlled by a doxycycline sensitive, synthetic
transcriptional activator (tTA). Early NpyIr inactivation was prevented
via chronic doxycycline treatment of pregnant females from conception.
After birth, pups were fostered by doxycycline-free dams, which acti-
vated tTA, induced Cre expression and, subsequently, led to Npy1r gene
inactivation in forebrain cells expressing the alpha subunit of
calcium-calmodulin kinase type 2. Seven-week-old (P48) female mice
were sham operated (cycling) or ovx and maintained on a SD. Shortly
after, starting from postnatal day 60, mice were switched to a HFD or
maintained on SD until sacrifice. Mice's body weight, food and energy
intake were monitored twice a week; circulating leptin levels were
measured before sacrifice, using a commercially available ELISA kit.
Results from these analyses were reported in a prior publication (Oberto
et al., 2022). After euthanasia, subcutaneous WAT was collected,
weighed and immediately frozen for further biomolecular analysis.

2.3. qPCR protocol

Total RNA was extracted from WAT using the Fatty Tissue RNA
Purification Kit (#36200, Norgen Biotek Corp, Ontario, Canada)
following the manufacturer's protocol. The concentration and purity of
the RNA were assessed using the NanoDrop system (Thermo Fischer
Scientific, Madison, Wisconsin, USA). Subsequently, 800 ng of total RNA
were reverse-transcribed into complementary DNA using the Sensi-
FAST™ cDNA Synthesis Kit 50 reactions (#BIO-65053 Meridian
Bioscience, Memphis, Tennessee, USA).

qPCR was performed using 100 ng of complementary DNA to eval-
uate the transcript levels of the target genes. Real-time was performed
through the iTaq Universal SYBR Green Supermix (Bio-rad Laboratories
Inc., Hercules, California, USA) according to the manufacturer's in-
structions. qPCR reaction was carried out with CFX Connect Real-Time
PCR Detection System (Bio-Rad). Relative gene expression was ob-
tained after normalization to 18s using the standard formula 27247 as
previously described (Delconti et al., 2025; Livak and Schmittgen,
2001). Primer sequences are detailed in Table S1 (Supplementary
material).

2.4. ELISA analysis

NPY WAT quantification was performed using the Mouse Neuro-
peptide Y (NPY) ELISA Kit (#MBS455063, MyBioSource, San Diego,
California, USA) following the manufacturer's protocol.
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2.5. Statistical analysis

Shapiro-Wilk and Bartlett tests were performed to check the normal
distribution of data. Statistical differences in gene expression and NPY
concentration were determined by two-way Analysis of Variance
(ANOVA) (genotype and diet), followed by multiple comparisons and
Bonferroni's post hoc tests. Cycling or ovx animals were independently
analysed.

Correlation analysis for the gene expression was performed within
each cohort of animals. Data were analysed with Spearman's rank cor-
relation analysis for non-parametric variables; R coefficients are pre-
sented. Additionally, to estimate the relationship between NPY
concentration or WAT weight with the various gene expression, a simple
linear regression analysis was performed within the cycling groups. The
equation of the interpolated line is reported in Tables 1 and 2.

All the analyses were performed using GraphPad Prism 10, after
exclusion of outliers from the datasets. Outliers were identified using the
Robust Regression and Outlier Removal method implemented in
GraphPad Prism 10 (Motulsky and Brown, 2006). A Q value of 1% was
used in these analyses. When flagged as outliers individual datapoints,
rather than subjects, were excluded from the analysis. The threshold for
statistical significance in the ANOVA and correlation analysis was set at
p < 0.05. Data are presented as mean + Standard Error of the Mean
(SEM).

3. Results

3.1. Npylr limbic conditional KO is associated with increased levels of
Npy mRNA and reduced protein expression in WAT

To investigate changes in the subcutaneous WAT, we first analysed
Npy gene expression in this tissue. Factorial ANOVA revealed a signifi-
cant effect of the diet on Npy expression in both cycling (F (1, 28) =
26.38; P < 0.0001) and ovx (F (1, 28) = 9.394; P = 0.0048) mice
(Fig. 1A-B). In cycling animals, a significant genotype-diet interaction
was observed (F (1, 28) = 10,47; P = 0.0031) (Fig. 1A). Multiple com-
parison analysis revealed a significant increase in Npy gene expression in
all groups of cycling animals compared to WT-SD controls (P = 0.0111
vs SD-KO, P < 0.0001 vs HFD-WT, P = 0.0003 vs HFD-KO), suggesting
that both factors contributed to elevated Npy transcription (Fig. 1A). On
the contrary, in ovx mice, although HFD tended to increase Npy
expression, no statistically significant differences were found in Npy
gene expression among the groups (P = 0.0904 SD-WT vs HFD-WT, P =
0.2703 SD-KO vs HFD-KO) (Fig. 1B).

When NPY peptide concentrations were measured in subcutaneous
WAT, the highest levels were observed in SD-WT mice, in both cycling
and ovx groups (Fig. 1C and D). In contrast, in all the other groups
subjected to either central NpyIr deletion or HFD feeding, NPY levels
were markedly reduced (P = 0.034 vs SD-KO, P = 0.007 vs HFD-WT, P =
0.007 vs HFD-KO) with a significant interaction between genotype and
diet (F (1, 27) = 6.759; P = 0.0149). Additionally, NPY concentrations
were comparable between cycling and ovx mice under the same dietary
and genetic conditions, suggesting that gonadal hormone status did not
significantly influence NPY protein levels in WAT under these experi-
mental conditions (Fig. 1C and D).

3.2. Npy2r expression was increased in WAT of NpyIlr KO and HFD
cycling mice

In regularly cycling mice, NPY receptor expression in WAT was
mostly influenced by the HFD feeding. Specifically, the two-way ANOVA
analysis revealed a significant decrease in the expression of Npylr in
HFD mice independently of genotype (F (1, 28) = 7,671; P = 0.0098 for
diet; P = 0.3528 for genotype; P = 0.1000 for interaction) (Fig. 2A). In
contrast, Npy2r expression was upregulation in both SD-KO and HFD-
WT mice compared to SD-WT ones (P = 0.0349 vs SD-KO, P = 0.0479
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Fig. 1. NPY relative gene expression and protein concentration in the subcu-
taneous WAT of cycling [A-C] or ovx [B-D] mice, respectively. Gene expression
data are reported as 2722°T values. NPY Concentration in subcutaneous WAT
analysed by ELISA. Data are reported as pg per pg of sample analysed. Data are
reported as Mean + SEM (n = 10). Data were analysed by two-way ANOVA in a
2 (diet: ND, HFD) x 2 (genotype: WT, KO) factorial design. Bonferroni's post hoc
tests were used to follow up on significant interactions or main effects from the
factorial ANOVAs. *P < 0.05 **P < 0.01 ***P < 0.001 ****P < 0.0001.

vs HFD-WT) without further increase in HFD-KO due to an observed
interaction between diet and genotype factors (F (1, 27) = 5.353; P =
0.0285) (Fig. 2C). Similar effects were observed in the expression of
Npyb5r, with a reported interaction between diet and genotype (F (1, 28)
= 8.268; P = 0.0076) (Fig. 2E). However, HFD consumption also inde-
pendently increased the expression of Npy5r (F (1, 28) = 33.12 P <
0.0001); multiple comparison analysis revealed significant increase in
the expression in HFD-WT (P < 0.0001) and HFD-KO (P = 0.0386)
compared to SD-WT. Neither diet nor genotype had a significant effect
on the expression of any of the NPY receptors analysed in ovx mice
(Fig. 2B-D, F).

Overall, these results indicate that in cycling animals, both HFD and
central NpyIr deletion influence the expression of Npy and its receptors
in subcutaneous WAT, with diet emerging as the dominant modulator.
Notably, no hormone-related effects were observed in ovx animals,
suggesting a limited contribution of gonadal hormones in regulating
peripheral NPY signalling under these experimental conditions.

3.3. Gene expression of lipid metabolism markers is modulated by dietary
intervention and genetic manipulation of Npylr

We next assessed the expression of key markers of lipid metabolism
in WAT. In cycling mice, both Npylr KO and HFD independently
increased the expression of a gene of a major molecular modulators of
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Fig. 2. NPY receptors relative gene expression in the subcutaneous WAT of cycling or ovx mice, respectively. [A-B] NpyIr [C-D] Npy2r [E-F] Npy5r. Data are re-
ported as 2722¢T values. Data are reported as Mean + SEM (n = 10). Data were analysed by two-way ANOVA in a 2 (diet: ND, HFD) x 2 (genotype: WT, KO) factorial
design. Bonferroni's post hoc tests were used to follow up on significant interactions or main effects from the factorial ANOVAs. *P < 0.05 ***P < 0.001 ****p

< 0.0001.

lipid metabolism Srebf1 (F (1, 27) = 7.866; P = 0.0092 for diet; P =
0.0072 for genotype) (Fig. 3A). Cptla expression was significantly
influenced by NpyIr KO (F (1, 27) = 5.458; P = 0.0271) while the
expression of Ppara was non-significantly increased by both diet and
genotype (F (1, 27) = 3.210; P = 0.0844), (Figure C-E), suggesting
parallel and potentially overlapping influences of central Npy1r deletion
and dietary fat on WAT metabolic gene expression. Interestingly, the
central KO of NpyIr induced transcriptional changes in WAT metabolic
regulators that mirrored those typically associated with HFD exposure.

Conversely, ovariectomy did not significantly impact the expression
of these metabolic genes, indicating that the absence of gonadal hor-
mones did not modulate these specific pathways under our experimental
setting (Fig. 3B-D, F). This suggests that ovariectomy may affect adipose
tissue metabolism through mechanisms distinct from peripheral NPY
pathways.

As expected, HFD feeding resulted in significant downregulation of
the thermogenic mediators Ucpl (F (1, 28) = 22.66; P < 0,0001) and
Ppargcla (F (1, 27) = 153; P = 0.0005), an effect that was independent
of genotype and gonadal hormones (Fig. 3G, H, I, J).

3.4. NPY protein concentration is inversely correlated with its gene
expression and WAT weight

Correlation analyses with WAT Weight (reported in Oberto et al.,
2022) were performed to highlight the potential involvement of the NPY
pathway in the WAT metabolism. Since ovariectomy defines a distinct
endocrine condition and did not substantially modify the concentration
of NPY or any of the NPY pathway genes in our dataset, correlation

analyses presented here were focused on the cycling cohorts. A strong
inverse correlation emerged between NPY protein levels and subcu-
taneous WAT weight, suggesting a potential protective role of NPY
against adipose tissue expansion (R = —0.7255; P < 0.0001) (Fig. 4A
and Table 1). Interestingly, NPY concentrations also showed an inverse
correlation with both its own gene expression (R = —0.3921; P =
0.0354) and that of its receptor Npy2r (R = —0.3974; P = 0.0363)
(Fig. 4B-D and Table 1), possibly reflecting the presence of a feedback
regulatory mechanism. On the contrary, no significant correlations were
detected between NPY level and the expression of Npy1r (R = —0.00985;
P = 0.9595) (Fig. 4C) or Npy5r (R = —0.0208; P = 0.9215) (Table 1),
hinting at a limited involvement of these receptors compared to Npy2r in
our setting.

Additionally, we explored the relationship between NPY concentra-
tions, and the expression of key genes involved in lipid metabolism. NPY
concentration had a notable but non-significant correlation with the
expression of the p-oxidation genes Cptla (R = —0.3491; P = 0.0805)
and a significant one with Ppara (R = —0.4323; P = 0.03) (Fig. 4E-F and
Table 1), further supporting a link between reduced NPY availability in
WAT and altered lipid catabolism. Other correlations with metabolic
genes were weak and not statistically significant (Fig. 5G-H and
Table 1).

Consistent with the opposite trend between Npy gene expression and
concentration, we recorded a direct correlation between Npy peptide
expression and WAT weight (R = 0.4420; P = 0.007) (Fig. 5A and
Table 2) as well as a positive correlation between WAT weight and Npy2r
expression (R = 0.4114; P = 0.0174) (Fig. 5C and Table 2). Notably, an
inverse correlation was detected between WAT weight and Npylr



G. Einaudi et al.

Neuropharmacology 292 (2026) 110941

[J] wr O ko

*
[A] [C] [E] [G] | [
k%
%%k *
6 12 6+ 2.5+ 5 2.5
£ 8 5 9 5 ° 5 ° $
% o 219 g 2204 o £ 201
% 4 o [¢] E. 8- % 4- o o § é
) o 3 & 15| IS 0o © ] s 1.5
2 64 O o 2 ® §
2 2 ° § ] 3 104
= 2] 5 o s 3, 3 S 10
= 08 5] E (o) ~ N
g " T 2 O g D |5 ol o 3 S, 0.5
: 1 S NIk : :
0 T T 0 T T 0 T T A7 0.0-
sD HFD sD HFD sD HFD
] WT-ovx KO-ovx

[B] [D] [F] [H] 1

124 6+ 2.5+

104 2.0

8- 4-

6

Cptla Relative Expression
Ppara Relative Expression

SrebfI Relative Expression

Ucpl Relative Expression

Ppargcla Relative Expression

Fig. 3. Relative gene expression in the subcutaneous WAT of cycling or ovx mice respectively. [A-B] Srebf1 [C-D] Cptla [E-F] Ppara [G-H] Ucp1 [I-J] Ppargcla. Data
are reported as 2722 values. Data are reported as Mean + SEM (n = 10). Data were analysed by two-way ANOVA in a 2 (diet: ND, HFD) x 2 (genotype: WT, KO)
factorial design. Bonferroni's post hoc tests were used to follow up on significant interactions or main effects from the factorial ANOVAs. *P < 0.05 **P < 0.01.

O wrND A\ KO-ND

[A] [B]
10 10
Spearman R =-0.7255 = o Spearman R =-0.3921
P Value < 0.0001 2 P Value = 0.0354
S 81 a 2
K 3
£ : "
% 2 [ %
Z . L A &
5 : 3
= 2 AA LN a E‘
A o oo 00 =
L T T 1
0 1 2 3
NPY concentration (pg/ug) NPY concentration (pg/ug)
[E] [F1
= @ Spearman R = -0.3491 g 6 A Spearman R =-0.4323
= ° P Value = 0.0805 2 P Value = 0.03
£e A s g
e ° 5‘ 4 A
= = Ao
'2 4 AA E o A
3 A 3 0
& . LY\ 2 Mo 4
s 2 A®a ) [ N » o
S ° o 3 % o o
& o o & )
0t T T 1 0 T T 1
0 1 2 3 0 1 2 3

NPY concentration (pg/ug) NPY concentration (pg/ug)

[C

@ WTHFD A KO-HFD

—_—

[D

Spearman R = -0.00985
P Value = 0.9595

1.5

=)

A Spearman R = -0.3974
. P Value = 0.0363

o

NpylIr Relative Expression
Npy2r Relative Expression
S

0.0 T T 1 0 1
0 1 2 3 3
NPY concentration (pg/ug) NPY concentration (pg/ug)
[G] [H]
15 = 25 Spearman R =0.2173
- AA A Spearman R = 0.2228 2 P Value = 0.2667
£ P Value = 0.2545 2,0 A o
4 o <) &
£1.0 =
e A AO E 1.5 . Q
£ D et S 10 o oAO
S 05 = 4% © °
2 3 o0s A
~ S 7S
§~ Loa A' o ) g oA o o Ao&
PR o L & NPy
0.0 T T &7 0.0-1 T T 1

0 1 2 3 0 1 2 3
NPY concentration (pg/ug) NPY concentration (pg/ug)

Fig. 4. Graphical representation of the correlation analysis between NPY concentration, WAT weight [A], Npy [B1, Npy1r [C], Npy2r [D], Cptla [E], Ppara [F], Ucpl
[G1, Ppargcla [H]. Data were analysed with Spearman's rank correlation analysis for non-parametrical variables; r coefficients are reported. The graphs represent the
sample distribution among the 4 cycling groups with the predicted relationship depicted by the interpolated line.

expression (R = —0.4261; P = 0.0107) (Fig. 5B and Table 2), revealing
potentially opposing roles of NpyIr and Npy2r in the regulation of adi-
pose tissue remodelling.

3.5. NPY pathway genes are correlated with those of lipid metabolism in a
diet-dependent manner

We next performed a correlation analysis between the expression of
components of the NPY pathway and genes involved in adipose tissue

function. Correlations were first explored in the full dataset and subse-
quently within stratified subgroups defined by ovarian status, diet, and
genotype. This stratification approach was used to determine whether
associations observed at the whole-cohort level were robust across
conditions or instead context-dependent and potentially masked by
biological heterogeneity.

When considering all the cohort of mice we observed significant
direct correlations between Npy2r expression with Srebfl (R = 0.54; P <
0.0001), Cptla (R =0.65; P < 0.0001), and Ppara (R = 0.53; P < 0.0001)
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Table 1

Correlation analysis between NPY concentration, WAT weight and relative gene
expression among all the cycling mice. Data were compared by Spearman's rank
correlation; r and P values are reported. A linear regression analysis was per-
formed to predict the relationship between the variables. The equation of the
interpolated line is reported, as well as the P-value.

NPY Concentration

Spearman's pValue  Equation p Value
r

WAT Weight —0.7255 0.0001 Y = —-1.530X + 0.0282
4.677

Relative Gene

Expression

Npy —-0.3921 0.0354 Y= -2.020X + 0.0002
5.008

Npylr —0.0099 0.9595 Y= -0.07561X + 0.5196
0.8716

Npy2r —0.3974 0.0363 Y= -1.757X + 0.0466
4.535

Npy5r —0.0208 0.9215 Y = —0.05495X + 0.8641
1.259

Srebf1 —0.0878 0.6832 Y =-0.2924X + 0.4399
1.526

Cptla —0.3491 0.0805 Y= -0.7864X + 0.2183
3.354

Ppara —0.4323 0.0309 Y =-0.7275X + 0.0994
2.745

Ucpl 0.2228 0.2545 Y =10.1277X + 0.3782
0.3432

Ppargcla 0.2173 0.2667 Y = 0.2587X + 0.1476
0.4132

(Fig. 6A). An inverse correlation was found between Npy and Ucpl (R =
—0.40; P = 0.0022), together with positive ones between Npylr and
Ppargcla (R = 0.35; P = 0.005), and between Npy5r and Srebfl1 (R =
0.37; P = 0.008) (Fig. 6A). A first stratification was performed between
cycling and ovx cohorts (Fig. 6B and C). This analysis revealed that,
except for a positive correlation between Npy2r and Srebf1, which was
also detected in ovx mice (R = 0.47; P = 0.018), the majority of NPY
pathway-related correlations were observed in cycling animals. In this
subgroup, Npy expression was positively correlated with Npy2r (R =
0.38, P = 0.03), as well as with the expression of lipogenic and
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Since ovx cohorts showed correlations mostly among non-NPY
related gene, we further stratified the cycling cohorts to determine
whether these correlations were specifically driven by dietary inter-
vention or by Npylr deletion, performing subgroup analysis within
distinct experimental conditions. As shown in Fig. 7A-D, we identified
some divergent patterns across subgroups. Most correlations were
driven by SD-fed mice: Npy and Npy2r were positively correlated with
each other (R = 0.73; P = 0.003) and with genes involved in lipid
metabolism (Fig. 7A). Interestingly, in this subgroup Npylr was also
positively correlated with Srebf1 (R = 0.47; P = 0.05), Cptla (R = 0.62;
P = 0.01), Ppara (R = 0.57; P = 0.04), Ucpl (R = 0.52; P = 0.041), and
with Npy2r (R = 0.81; P < 0.0001) (Fig. 7A). These relationships were
not observed in HFD-fed mice (Fig. 7B). Regarding the analysis of the
subgroup with different genotypes, no marked differences were
observed between genotypes, mostly reflecting those of the cycling
subgroup (Fig. 7C-D). These findings highlight, the complexity of the
NPY signalling, responding differently depending on metabolic context,
such as dietary fat exposure.

4. Discussion

NPY is implicated in metabolic regulation mostly due to its activity in
the hypothalamus, where activation of the receptor NPY1R, and to a
lesser extent NPYS5SR, stimulates food intake Blomqvist and Herzog,
1997; Stanley et al., 1992; Gerald et al., 1996). Based on these central
orexigenic effects, Npylr KO has been proposed as a potential experi-
mental strategy to suppress appetite and reduce food intake. However,
results from previous studies have been inconsistent. Rather than pro-
ducing a reduction in weight gain, Npy1r deficiency has frequently been
associated with increased body weight and adiposity, ultimately pro-
moting systemic metabolic dysregulation (Kushi et al., 1998; Paterlini

Table 2

Correlation analysis between WAT weight and relative gene expression among
all the cycling mice. Data were compared by Spearman's rank correlation; r and P
values are reported. A linear regression analysis was performed to predict the
relationship between the variables, the equation of the interpolated line is re-
ported as well as the P value.

B-oxidation genes, including Srebf1 (R = 0.43; P = 0.015), Cptla (R = WAT Weight
0.51; P = 0.004), and Ppara (R = 0.51; P = 0.003) (Fig. 6B). Not sur- Spearman's r p Value Equation p Value
pr1s1ngl}f, Npy2r expression was also pOS.ltIVfbly correlated. w1t.h .all these Relative Gene Expression
metabolic genes, reinforcing its potential involvement in lipid meta- Npy 0.4420 0.0070 Y — 0.4511X + 2.137 0.0235
bolism (Fig. 6B). Strong inverse correlations were instead observed be- Npylr —0.4261 0.0107 Y = —0.0725X + 1.099 0.0097
tween Npy expression and genes involved with thermogenesis, namely Npy2r 0.4114 0.0174 Y = 0.4590X +1.734 0.0309
Ucpl (R = —0.54; P = 0.001), and Ppargcla (R = —0.367; P = 0.033). Npyor 0.0842 0.6522 Y =0.03431X + 1.145 0.7252
h . ¢ th tivel ) ; Srebf1 0.1496 0.4855 Y = —0.0876X + 1.428 0.5640
However, the expression of these two genes positively correlated with Cptla 0.4074 0.0186 Y — 0.2424X + 2.063 0.1202
Npylr (R =0.37; P = 0.029 for Ucpl, R = 0.40; P = 0.020 for Ppargcla) Ppara 0.2530 0.1554 Y = 0.0757X + 1.904 0.4722
expression, suggesting a possible role for this receptor in modulating the Ucp1 —0.4423 0.0078 Y = -0.1029X + 0.7425 0.0046
thermogenic phenotype of adipose tissue. Ppargcla —0.4129 0.0137 Y = —0.0704X + 0.8085 0.1413
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Fig. 5. Graphical Representation of the correlation analysis between WAT weight, relative gene expression of Npy [A] and its receptors [B-D]. Data were analysed
with Spearman's rank correlation analysis for non-parametrical variables; r coefficients are reported. The graphs represent the sample distribution among the 4 cycling

groups with the predicted relationship depicted by the interpolated line.
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et al., 2021; Pedrazzini, 2004). Until recently, these paradoxical effects
have been attributed to compensatory activation of other NPY receptor
subtypes in the absence of NpyIr signalling, which may sustain or even
exacerbate the metabolic phenotype. To avoid such compensatory
mechanisms, our earlier studies employed a conditional Npylr KO
restricted to the limbic system and induced only during adulthood
(Bertocchi et al., 2011; Oberto et al., 2022).

Here, we used the female mice investigated in Oberto et al., to
further explore the role of the NPY system in metabolic regulation
beyond its well-established role in hypothalamic control of feeding
behaviour (Oberto et al., 2022). This study extends our previous findings
providing some new evidence in the complex interplay between central
and peripheral NPY pathways in the regulation of adipose tissue accu-
mulation and lipid metabolism.

So far, NPY has been implicated in promoting adipose tissue hyper-
trophy, lipogenesis and lipolysis under various conditions (Yang et al.,
2008; Zhang et al., 2014). Based on these findings, we initially hy-
pothesized that the observed metabolic alterations could result from a
direct involvement of the NPY pathway within adipose tissue itself.
Consistent with this idea, analysis of Npy gene expression in the WAT
revealed a significant upregulation in HFD-fed mice, independent of
both genotype and gonadal hormones. A genotype-dependent interac-
tion was observed in sham-operated animals only. Further analysis of
NPY receptor expression revealed a significant increase in Npy2r levels
in both HFD and Npylr KO groups. Interestingly, Npy2r expression

positively correlated with that of Npy in cycling mice, suggesting a co-
ordinated regulatory mechanism in response to diet and genotype. These
findings may align with previous reports supporting a functional role for
Npy2r receptor in adipose tissue metabolism (Baker et al., 2009; Kuo
et al., 2007; Shi et al., 2011). In contrast to Npy2r, Npy1r expression in
WAT was not significantly affected by diet, genotype, or hormonal sta-
tus. Although Npylr has been implicated in mediating NPY's actions
when co-released with norepinephrine, enhancing typical sympathetic
responses, its specific function within adipose tissue remains contro-
versial (Zhang et al., 2014).

Recent studies have suggested that NPY may promote the prolifera-
tion of mural cells, precursors of thermogenic adipocytes in both brown
and white fat, thus potentially playing a protective role against diet-
induced metabolic stress (Chao et al.,, 2011; Zhu et al., 2024).
Conversely, other findings indicate that NPY may suppress brown adi-
pose tissue thermogenesis, thereby contributing to the development of
metabolic derangements (Chao et al., 2011). Our data add further in-
sights to this complex picture, showing an upregulation of Npy mRNA
expression in the WAT of HFD-fed mice, paralleled by a significant
reduction in NPY peptide levels in both Npylr KO and HFD groups,
regardless of hormonal status. This apparent mismatch between mRNA
and protein levels may reflect a compensatory upregulation of tran-
scription in response to diminished peptide availability. However, the
lack of corresponding peptide accumulation suggests impaired trans-
lation or reduced peptide stability, pointing to the involvement of
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Fig. 7. Correlation analysis between the relative gene expression in subcutaneous WAT. Data were compared by Spearman's rank correlation; r coefficient values
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post-transcriptional regulatory mechanisms under conditions of meta-
bolic stress. Interestingly, our data also revealed an inverse correlation
between NPY concentration in WAT and tissue weight, suggesting that
NPY levels may be higher under physiological conditions and decline in
the context of excessive fat accumulation.

When we analysed the expression of genes involved with p-oxidation
and lipogenesis, we found increased expression of Cptla, Ppara and
Srebf1 in both KO and HFD-fed animals, indicating a dysregulation in
lipid metabolism in KO mice, in line with that observed in HFD-fed
group. These findings are in keeping with previous evidence showing
that global NpyIr deletion induces metabolic derangements like those
caused by HFD (Pedrazzini, 2004). Differently, the expression of genes
predominantly involved in energy expenditure, namely Ucpl and
Ppargcla, was decreased exclusively in HFD-fed mice, while no changes
were found in KO animals.

To widen the picture on the role of NPY under the different experi-
mental conditions, we performed correlation analysis in progressively
smaller subgroups of mice. When analysing all the cohorts of mice we
observed positive correlations between Npy2r expression with Srebpfl,
Cptla, and Ppara. Moreover, we observed positive correlations between
Npylr and Pppargcla, pointing to different role of the receptors in adi-
pose tissue metabolism. When we stratified between cycling and ovx
mice, we observed stronger correlations between NPY-related pathway

and genes involved in adipose tissue metabolism mainly in the cycling
cohorts, while this correlation was absent in the ovx groups. This evi-
dence allowed us to speculate that ovx induced changes in adipose tissue
metabolism beyond those related to the NPY pathway genes. When we
analysed cycling mice, indeed, we found strong direct correlations be-
tween Npy and Npy2r expression with Srebf1, Cptla and Ppargcla, while
in this subgroup Npy was inversely correlated with Ucpl and Ppargcla.
Conversely, NpyIr expression was found to have a strong direct corre-
lation with Ucp1 and Ppargc1a, supporting previous evidence attributing
to NpyIr a relevant role in promoting energy expenditure and browning
of adipose tissue (Yang et al., 2008). Furthermore, when analysing di-
etary subgroups separately, NPY seemed to play a more relevant role in
the SD subgroups, since Npy, Npylr and Npy2r expression were all
strongly correlated to Srebfl, Cptla and Ppargcla. These correlations
were prominent in SD-fed mice but absent in HFD-fed ones. While NpyIr
KO induced significant changes in gene expression levels, stratified
correlation analyses within WT and KO subgroups did not reveal marked
differences in the overall correlation structure. This suggests that Npy1r
deletion affects the magnitude of gene expression without substantially
altering the relationships among NPY-related and metabolic genes.
Our findings are consistent with a context-dependent homeostatic
role of NPY under physiological conditions, which become attenuated or
reorganized under HFD or NpyIr deletion (Kuo et al., 2007; Zhang et al.,
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2014).

Regarding the different receptors, we can hypothesize a relevant role
of NPY2R that showed changes in gene expression in both KO and HFD
mice, while numerous positive correlations with the genes involved in
adipose tissue metabolism were observed in the SD cohorts. Although
Npy1r expression was mostly unchanged in our experiments, its positive
correlations with genes related to thermogenesis still point to a role in
adipose tissue homeostasis, different from other subtypes. Lastly, Npy5r
expression showed minimal modulation under the conditions examined,
suggesting a limited contribution in this experimental context.

Altogether, here we identified context-specific correlation patterns
linking NPY pathway components to genes involved in lipid metabolism
and thermogenesis. These associations were predominantly confined to
cycling and SD-fed animals, supporting the concept that NPY exerts
distinct regulatory roles in adipose tissue depending on genotype,
nutritional, and hormonal status.

A limitation of the present study is that transcriptional analyses were
restricted to female WAT. Sex-specific differences in adipose regulation
are well established, and whether comparable NPY-related molecular
mechanisms operate in male WAT remains to be determined. Addressing
sex-dependent regulation, in our and other models of NPY modulation,
will therefore be an important objective for future investigations.
Additionally, although we reported evidence implicating NPY in ther-
mogenic regulation, the present work did not investigate brown adipose
tissue depots, which are known to have a predominant role in these
mechanisms. Future studies incorporating depot-specific molecular and
functional assessments will be necessary to determine whether the
context-dependent regulatory patterns described here extend to ther-
mogenic adipose depots.

5. Conclusions

Our data support a role for NPY signalling in regulating lipid meta-
bolism. Under physiological conditions, NPY might exert a protective
influence on adipose tissue function, which appears to be altered, or
even lost, under pathological metabolic conditions. Our work demon-
strates that NPY function is highly context-dependent, varying accord-
ing to both dietary and genetic contexts, however the specific
mechanisms underlying these interactions remain to be elucidated.

Although NPY is widely recognized for its role in regulating energy
intake, energy expenditure, and adipose tissue homeostasis, and has
been proposed as a promising pharmacological target, our findings un-
derscore the complexity of its signalling network. Interventions target-
ing individual components of the NPY system could produce unintended
consequences, as suggested by our and other findings. Strategies that
appear beneficial may disrupt the delicate balance between central and
peripheral pathways. Taken together, our data suggest that therapeutic
modulation of the NPY system should be approached with caution,
considering its intricate and context-dependent metabolic effects.
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Glossary

ANOVA = Analysis of Variance
Cptla = Carnitine palmitoyltransferase I gene
ELISA = Enzyme-Linked Immunosorbent Assay

HFD = High Fat Diet

KO = Knockout

NPY = Neuropeptide Y

Npy = Neuropeptide Y gene

Npylr = NPY-Y1 receptor gene

Npy2r = NPY-Y2 receptor gene

Npy5r = NPY-Y5 receptor gene

Ovx =  ovariectomized

Ppargcla = Peroxisome proliferator-activated receptor gamma
coactivator 1 alpha gene

Ppara = Peroxisome proliferator-activated receptor alpha gene

gPCR = Quantitative Real Time-Polymerase Chain Reaction
SD = Standard Chow Diet
SEM =  Standard Error of the Mean

Srebf1 = Sterol regulatory element-binding transcription factor 1 gene

tTA =  synthetic transcriptional activator
Ucpl = Uncoupling Protein 1 gene

WAT = White Adipose Tissue

WT = Wild-Type

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuropharm.2026.110941.
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