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POMC-specific modulation of metabolic and
immune pathways via melanocortin-3 receptor
signaling†

Mariya Nezhyva,‡a Friederike A. Sandbaumhüter,‡a Per E. Andrén ab and
Erik T. Jansson *a

This proteomic study provides a nuanced mechanistic understanding of the signaling processes upon

agonist binding to the melanocortin-3 receptor (MC3R). Utilizing thermal proteome profiling (TPP)

combined with LC–MS, we uncovered the distinct influences of the endogenous agonists adrenocortico-

tropic hormone (ACTH), a-melanocyte-stimulating hormone (a-MSH), and g-melanocyte-stimulating

hormone (g-MSH) on protein thermal stability and pathway activation. In our 2D-TPP study, transfected

HEK293 cells for expression of MC3R were exposed to the three endogenous MC3R-ligands across

several concentrations followed by incubation at several temperatures, centrifugation and LC–MS analysis

of the resulting supernatants. This enabled us to assess the effects of type of ligand and concentration on

the thermal stability of proteins in these cells. We employed a combination of multivariate analysis, differ-

ential expression, TPP and pathway analysis to deeply characterize the impact of MC3R activation on

molecular mechanisms. All three ligands affected signaling pathways related to the immune system and

energy homeostasis. While a-MSH significantly modulated the IL-6 pathway via STAT3, and g-MSH

prominently activated interferon signaling, ACTH uniquely affected NADPH-related proteins. All ligands

shared involvement in the cAMP-PKA-CREB and varied impacts on PI3K and ERK pathways, crucial for

energy metabolism. All proteomic data are available under DOI: https://doi.org/10.6019/PXD039945.

Introduction

The melanocortin-3 receptor (MC3R), a G-protein coupled
receptor prominently expressed in the brain, pancreas, pla-
centa, and immune cells, plays a critical role in various phy-
siological functions, including immune response and energy
homeostasis.1–3 The interplay between MC3R and food intake
disorders, such as obesity and chronic inflammation, is
mediated by hormones and cytokines.4–7 Peptide hormones
and neuropeptides, such as cholecystokinin (CCK), leptin,

peptide tyrosine–tyrosine (PYY), insulin, and ghrelin, modulate
the release of pro-opiomelanocortin (POMC)-derived peptides
and Agouti-related protein (AgRP), further regulating MC3R
signaling.8,9 The activation of MC3R by POMC-derived peptides
like adrenocorticotropic hormone (ACTH), a-melanocyte-
stimulating hormone (a-MSH), and g-melanocyte-stimulating
hormone (g-MSH), has been directly linked to effects such as
energy expenditure and reduced food intake.10 Because the
structurally closely related neuropeptides ACTH, a-MSH, and
g-MSH share the critical His–Phe–Arg–Trp amino acid sequence
crucial for their interaction with MC3R, and have very similar
binding affinities (although MC3R shows a slight preference for
g-MSH), these ligands offer the unique opportunity to investi-
gate important differences between the ligands. While the
upstream modulators of MC3R and their general physiological
roles are relatively well characterized, significant gaps remain
in our understanding of the downstream pathways and their
specific, ligand-dependent modulation. Previous findings have
demonstrated that agonist binding leads to an increase in
cAMP levels, impacting inflammatory mediators like cytokines.
While these effects are well studied for ACTH and a-MSH, they
are less understood for g-MSH.6,11–13 Understanding the multi-
stage signaling cascades that convey chemical messages from

a Department of Pharmaceutical Biosciences, Uppsala University,

751 24 Uppsala, Sweden. E-mail: erik.jansson@uu.se
b Science for Life Laboratory, Spatial Mass Spectrometry, Uppsala University,

751 24 Uppsala, Sweden

† Electronic supplementary information (ESI) available: File 1 (XLSX): full reac-
tome pathway analysis for all drug and concentration conditions at 37 1C. File 2
(XLSX): list of identified proteins exhibiting altered thermal stability. File 3–5,
(XLSX) ISOQuant report file for the analysis of relative protein abundance under
all drug, temperature and concentration conditions. File 6 (XLSX): ISOQuant
report file for the analysis of relative protein abundance under all drug and
concentration conditions at 37 1C with phosphorylation used as a variable
modification in the preceding PLGS search. See DOI: https://doi.org/10.1039/

d4mo00248b

‡ Contributed equally to this work.

Received 9th December 2024,
Accepted 10th June 2025

DOI: 10.1039/d4mo00248b

rsc.li/molomics

Molecular
Omics

RESEARCH ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
7/

20
25

 1
:1

0:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-4062-7743
https://orcid.org/0000-0002-0675-3412
https://doi.org/10.6019/PXD039945
http://crossmark.crossref.org/dialog/?doi=10.1039/d4mo00248b&domain=pdf&date_stamp=2025-06-19
https://doi.org/10.1039/d4mo00248b
https://doi.org/10.1039/d4mo00248b
https://rsc.li/molomics
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mo00248b
https://pubs.rsc.org/en/journals/journal/MO
https://pubs.rsc.org/en/journals/journal/MO?issueid=MO021005


This journal is © The Royal Society of Chemistry 2025 Mol. Omics, 2025, 21, 456–463 |  457

initial receptor–ligand contact to biological responses is crucial
for developing effective and safe therapies.

Advances in data-rich technologies like proteomics lead to
large and complex datasets necessitating the development and
implementation of novel data analysis strategies to extract
meaningful biological insights. Thermal proteome profiling
(TPP) has recently emerged as a method that enables the
untargeted study of gain or loss of molecular interaction upon
stimulation of a cell or tissue with a drug.1,2,14 In contrast to
differential expression analysis, the method focuses on finding
those proteins that interact within a chain of events due to drug
stimulation. In this study, we focus on receptor–ligand inter-
actions that govern physiological and pathophysiological pro-
cesses, specifically examining the downstream signaling
cascades activated by MC3R. We have developed a method
combining MS-based TPP with a multidimensional data analy-
sis workflow and applied it to elucidate the effects of endogen-
ous agonist binding to MC3R.3

Here, we provide a detailed analysis of two-dimensional
TPP coupled with LC–MS to MC3R-expressing HEK293 cells
treated with ACTH, a-MSH, or g-MSH. Multivariate, differential,
and pathway analyses, together with cAMP-readouts allow us
to dissect G-protein-mediated activation. We provide informa-
tion extraction and interpretation, including principal compo-
nent analysis (PCA) and combine experimental data on
thermally affected proteins with differential expression profiles
and present the results obtained from a previously acquired
dataset3 in their biological context. Further, we provide a
molecular context for these findings with ingenuity pathway
analysis (IPA).15 By integrating the multiple data analysis
methods PCA, differential expression, thermal stability and
pathway analysis, we provide deeper insights into protein–
ligand interactions.

PCA simplifies our dataset by identifying key clusters that
represent distinct biological states, allowing us to visualize
patterns and pinpoint proteins significantly affected by ligand
binding or receptor activation. These clusters can highlight
novel protein interactions and pathways for further investiga-
tion. By mapping melting profiles under various conditions,
TPP elucidates how ligand binding, and its impact on signaling
cascades impact protein stability and function. Integrating data
on differential expression, phosphorylation, and transcription
factor activity facilitates the identification of proteins relevant
to MC3R responses,3 illustrating the complex interplay of
biological processes and regulatory mechanisms.

Further, we enhance our analysis by comparing outputs
from PCA and TPP with IPA. This side-by-side comparison
enriches our understanding by directly highlighting relevant
proteins, streamlining the identification of potential biomar-
kers and therapeutic targets without extensive database
searches. We show here how this synergistic approach enables
researchers to form a holistic view of the biological processes
involved, fostering the generation of robust hypotheses that
enable data-driven research. By leveraging the strengths of each
analysis method, we examplify here how the complexities of
receptor-mediated signaling can be navigated.

Materials and methods

The experimental procedures used to generate the dataset ana-
lyzed here have been previously described. For detailed informa-
tion on the materials and methods used to obtain the dataset,
please refer to Sandbaumhüter et al.3 Briefly, human embryonic
kidney 293 cells overexpressing human MC3R (HEK-TREx-MC3R)
were treated with the endogenous ligands ACTH, a-MSH, and g-
MSH dissolved in DMSO or with DMSO only (control) for 1 h prior
to cell harvest. The functionality of the receptor was confirmed
with the cAMP-GloTM Assay (Promega Corporation, Madison,
WI). During the TPP experiment aliquots were first incubated at
various temperatures between 37 and 67 1C for 3 min, followed by
snap-freezing in liquid nitrogen. After cell lysis the soluble and
aggregated proteins were separated by centrifugation (14 000g at
4 1C for 90 min). The supernatant was purified and present
proteins were digested by trypsin using filter-aided sample pre-
paration. The resulting peptides were analyzed with LC–MS
(nanoAcquity and Synapt G2-Si, Waters Corporation, Milford,
MA, USA).

Data analysis

Protein identification. Protein identification was done with
PLGS (Waters Corporation, Milford, MA, USA), and label-free
quantification was executed with the ISOQuant 1.8 workflow.
This method employs PLGS identifications, performs intensity
normalization, protein isoform and homology filtering and
clusters signals based on accurate masses, retention and drift
times.16,17 Relative protein quantification was conducted using
the TOP3 method, in which the intensities of the three most
intense peptides for each protein were averaged.16,17

Next, we conducted TPP data analysis, described in detail
elsewhere.3 Briefly, protein abundance data obtained from
ISOQuant underwent log2-transformation and centering. Subse-
quently, statistical models were employed to scrutinize both tem-
perature and concentration-dependent behavior of the proteins.
Two hypotheses were considered: a null hypothesis H0, suggesting
no drug–protein interaction, and an H1 alternate hypothesis H1,
characterized by a log-logistic function. The F-statistic was used to
assess the goodness-of-fit between these models. Additionally, false
discovery rates (FDR) were computed using a bootstrap method,
applying a cut-off of 0.01 to distinguish proteins with significantly
altered thermal stability.3,18,19 Furthermore, we used the protein
differential expression results for pathway analysis through the
pathway analysis with down-weighting of overlapping genes
(PADOG) algorithm in the reactome GSA software.

In addition to what we previously described,3 we here also
used PCA on the ISOQuant output after log-transformation and
normalized the protein abundance values for 37 1C. The first
two principal components were selected for their high
explained variance, which collectively accounted for 66.9% of
the total variance in the dataset. Scores and loadings plots were
generated to visualize the clustering patterns with metascape20

of the samples based on their ligand treatments.
Protein differential expression analysis was conducted on

samples treated with ligand at 37 1C with limma package.
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Pathway analysis was performed using the IPA suite (version
23.0, QIAGEN, DUS, Germany). Core pathway analysis was
constructed by uploading a list of differentially expressed
proteins and hill values (for TPP data as a measure of stability
instead of protein fold change) along with their UniProt
identification. Pathway output was generated with a p-value
threshold of o0.05.

Results and discussion

Binding of the three structurally related endogenous agonists,
ACTH, a-MSH and g-MSH, to MC3R triggers a signaling cascade
resulting in effects on the immune response and energy home-
ostasis for all three ligands (Fig. 1). Based on differential protein
expression and gene set enrichment analysis, we identified
biological pathways affected by the binding of the different
agonists and placed them into context with proteins that showed
a melting temperature shift in the TPP experiments. The melting
temperature shift originates from changes in the thermal stabi-
lity of a protein resulting from direct or indirect ligand effects on
its binding status. For the POMC-derived neuropeptides, our
results highlight the modulation of key proteins and pathways
such as the cAMP-PKA-CREB and RAS-RAF-MAPK pathway21

(Table 1).
PCA revealed distinct proteome-wide thermal profiles for

each POMC peptide, supporting ligand-specific signaling
biases. The different agonists cluster in individual areas, while
the different concentrations cluster tightly together for the
individual agonists (Fig. 2A). The top 50 ranked proteins from
the PCA loading matrix elucidate proteins that have the highest
impact on discriminating between the ligand-mediated effects,
hence, the discrepancy in pathway regulation (Fig. 2B). The list
includes regulatory proteins such as transcription factors (tran-
scription factor JunD [JUND], retinoic acid receptor RXR-beta
[RXRB], ribonucleoside-diphosphate reductase subunit [RIR2B])

as well as proteins involved in immune response (tubulin beta-
4a [TBB4A]). Differences between the POMC peptides are also
reflected in affected biological processes such as NFk B, Rho
GTPases signaling-related pathways, and thermally affected
proteins. We identified a set of thermally affected proteins
linked to diverse pathways involved in signal transduction,
immune response, and energy homeostasis that will be dis-
cussed in more detail in the further sections (Fig. 2D). These
findings align well with our previous report where we identified
the transcription factors CCAR2, DDX21, HMGB2, SRSF7, and
TET2 that have been thermally affected and phosphorylated
besides known immunoregulatory transcription factors (IRF,
STAT, NFkB).3 These transcription factors are implicated as
downstream targets in the MC3R signaling cascade and are
crucial in immune responses.8,9,22,23

Signal transduction

Our data corroborates well with known mechanisms of MC3R,
where signals are mediated upon activation via the cAMP-PKA-
CREB signaling pathway (Fig. 1).24,25 In this pathway, the Gsa
subunit plays a key role by activating adenylyl cyclase, leading
to elevated cAMP levels. We observed a significant upregulation
in Gsa activity, supported by an average log2 fold change (mFC)
of 5 (File S1 [XLSX], ESI†). This activation further triggers
secondary messenger systems involving protein kinases and
Rho GTPases. As downstream consequences, we detected the
upregulation of RAS, RAF, and p38 MAPK pathways, along with
the stabilization of mitogen-activated protein kinase 1 (MK01)
for all tested ligands (File S1 [XLSX], ESI†). These findings are
further corroborated by our previous confirmation of an
increase in cAMP after target engagement.3

Simultaneously, we identified a strong involvement of Wnt
signaling, which plays a role in inflammatory and neurovege-
tative processes. This observation was corroborated by the
involvement of ubiquinol biosynthesis in ACTH-treated

Fig. 1 Ligand-specific and common molecular pathway modulation by ACTH, a-MSH, and g-MSH. This schematic represents the differential impact of
melanocortin ligands on metabolic and immune signaling pathways. Shared effects are depicted centrally (in dark green), illustrating the upregulation of
adenylyl cyclase (AC) leading to increased cAMP levels, activation of protein kinase A (PKA), and phosphorylation of cAMP response element-binding
protein (CREB) by all ligands. Ligand specific effects are shown in purple for ACTH, light green for a-MSH and yellow for g-MSH. Proteins are denoted with
thermally stabilized (T), phosphorylated (P), upregulated (m), downregulated (k) indicating the complex interplay between ligand-specific and universal
signaling events mediated by melanocortin interactions.
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samples (Fig. 2B and File S1 [XLSX], ESI†). Wnt signaling was
previously found to interface with ERK and MAPK pathways
through b-catenin phosphorylation by glycogen synthase kinase
3 (GSK3).26 This interaction was particularly evident for g-MSH
and a-MSH, with both canonical FZD proteins and non-
canonical ROR receptors involved. Further, our PCA analysis
of differential protein expression highlighted the protein RXRB,
which interacts with Wnt-canonical pathways and was only
observed in samples treated with g-MSH or ACTH (Fig. 2B
and File S1 [XLSX], ESI†).

Regarding ACTH, a cascade of downstream signaling path-
ways with considerable overlap in their targets was activated
and led to significant downstream effects. In detail, FGFR4
pathways were activated, resulting in GSK3 phosphorylation
and the subsequent stimulation of b-catenin/TCF signaling.27

Key proteins like MK01, phosphorylated forms of tyrosine–
protein phosphatase non-receptor type 11 (PTN11), serine/
threonine–protein phosphatase (2AAA), and ubiquitin-60S ribo-
somal protein (RL40) were implicated (File S1 [XLSX], S2 [CSV],
S6 [XLSX], ESI†). Conforming with this, there was a downregula-
tion of STAT1 activity. Fibroblast growth factors (FGFs) exhibited
an upregulation with a mFC of 6, which led to further upregula-
tion of MAPK and PI3K signaling. Additionally, PLCG2-mediated
IP3 and DAG signaling were activated in response to FGFR4
activity in the ACTH samples (File S1 [XLSX], ESI†).

In contrast to these findings, all three ligands activated ERK/
MAPK cascades and SRC family kinases, consistent with known
MC4R signaling axes.28 ERK/MAPK signaling can be initiated by
both directly through G-protein dependent mechanisms or
indirectly by b-arrestin mediated scaffolding. This was sup-
ported by increased intracellular Ca2+-mobilization, enhancing

tropomyosin alpha chain signaling across all conditions stu-
died. However, here we could identify some ligand-specific
differences as well as for the transcription factor JUND. It was
among the top 50 PCA loadings, suggesting its central role in
ligand differentiation (Fig. 2B). Moreover, nerve growth factor-
independent TrkA activation was exclusively upregulated in
ACTH samples, while ALK signaling was upregulated in a-
MSH and ACTH samples (File S1 [XLSX], ESI†).29 Confirming
the previously described signal transduction processes with our
experimental results, we could expand the knowledge to ligand-
specific modulations and gained confidence for zooming into
other modulated pathways such as the immune system.

Immune system

A rapid immune response to environmental, mechanical,
chemical, and infectious stressors is based on the inducible
regulation of protein expression through transcription factors.
Central roles in the coordination of this dynamic response are
the interferon regulatory factors (IRFs), signal transducers and
activators of transcription (STATs), and the nuclear factor
kappa-light-chain-enhancer of activated B-cells (NFkB). Our
study reveals that the activation of the MC3R by ACTH, as well
as a-MSH and g-MSH, exerts distinct ligand-specific effects on
the signaling pathways both upstream and downstream of
these critical mediators (Fig. 3 and Table 1).

Of the three studied ligands, ACTH stands out with the
highest number of upregulated and thermally stabilized pro-
teins related to the immune system (Table 1). ACTH facilitates
an anti-inflammatory response via both a cortisol-dependent
and an independent mechanism, with the latter being
mediated through MC3R.30 Our study highlights ACTH’s

Table 1 Enriched immune-system related Reactome pathways found by gene set enrichment analysis and numbers of proteins associated with each
pathway exhibiting altered thermal stability following treatment with POMC ligands

Pathway Protein Thermal effect Ligand

Activation of the AP-1 family of transcription factors MK01 Stabilized ACTH
Costimulation by the CD28 family 2A5G Destabilized g-MSH
ERK/MAPK targets MK01 Stabilized ACTH
ERKs are inactivated MK01 Stabilized ACTH
FCERI mediated MAPK activation MK01 Stabilized ACTH
Growth hormone receptor signaling MK01 Stabilized ACTH
Interleukin-17 signaling MK01; MP2K1 Stabilized ACTH
Interleukin-3 & Interleukin-5 and GM-CSF signaling CRK Stabilized ACTH
Interleukin-4 and Interleukin-13 signaling VIME Destabilized ACTH

HSP7C Stabilized a-MSH
ISG15 antiviral mechanism NUP62 Destabilized ACTH

IF4G1; NUP50 Stabilized ACTH
MHC class II antigen presentation KIF3C; TBA1C Destabilized ACTH

CAZA2 Stabilized ACTH
KLC1 Stabilized a-MSH
DCTN1 Destabilized g-MSH

MyD88 cascade initiated on plasma membrane MK01; MP2K1 Stabilized ACTH
MyD88 dependent cascade initiated on endosome MK01; MP2K1 Stabilized ACTH
MyD88:MAL(TIRAP) cascade initiated on plasma membrane MK01; MP2K1 Stabilized ACTH
Regulation of actin dynamics for phagocytic cup formation CRK; MK01 Stabilized ACTH

COF1 Destabilized a-MSH
Regulation of signaling by CBL CRK Stabilized ACTH
Role of phospholipids in phagocytosis PLD3 Stabilized ACTH; g-MSH
Toll like receptor cascadesa MK01; MP2K1 Stabilized ACTH
TRAF6 mediated induction of NFk B and MAP kinases upon TLR7/8 or 9 activation MK01; MP2K1 Stabilized ACTH

a TLR4, TLR5, TLR7/8, TLR9, TLR10, TLR1:TLR2, TLR6:TLR2.
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prominent role in these MC3R-mediated immunomodulatory
processes; a role shared to a lesser extent by a-MSH and g-MSH.
The initial pro-inflammatory phase in immune activation is
typically followed by an anti-inflammatory counterbalance.31

Hence, cytokine signaling pathways, prominently those involv-
ing interferons (IFNs) and interleukins (ILs), are pivotal in the
characterization of the immune modulation by MC3R. Both,
IFN and IL signaling were elevated by the treatment of all three
POMC-derived ligands (Table 1 and File S1 [XLSX], ESI†).

The influence of ligands on interferon signaling was evaluated
by the pathway activity of IRFs and STATs. Remarkably, g-MSH
presented robust activation of IFN signaling, especially for IFNa
and IFNb. ACTH and a-MSH induced these pathways as well, but
their effects were more moderate (Fig. 3). When IFNs bind to their
receptors, they can initiate the formation of complexes with Janus-
associated kinase (JAK) 1 and tyrosine kinase (TYK) 2, leading to
phosphorylation of the transcription factor STAT1, known as the
JAK-STAT pathway, which has a crucial role in the immune
response and its involvement in MC3R signaling.13

In our study, we identified that all ligands (ACTH, a-, and
g-MSH) upregulate transcription factor activity of STAT3 and
enhance its phosphorylation through PTK6 signaling, which plays
a pivotal role in modulating the IL-6 pathway and is linked to c-
SRC kinase activity (File S3-5-5 [XLSX], ESI†). This leads to
increased levels of IL-6, its receptor IL6R, and the signal transdu-
cer IL6ST, promoting phosphorylation and dimerization of STAT
proteins (1, 3, 5A/B) and elevated expression of the cytokines IL6
and IL10. Notably, the degree of IL-6 regulation varies among the
ligands, with a-MSH inducing the most significant change,
approximately 9.7-fold, as seen in Fig. 3 and File S1 [XLSX] (ESI†).
IL-6 acts as a pro-inflammatory cytokine and anti-inflammatory
myokine in the initial phase of the immune response. Further, it
is highly present in adipose tissue.5

During inflammation, the transcription factor TET-methyl-
cytosine-dioxygenase 2 (TET2) modulates IL-6 activity. Interest-
ingly, we observed a thermal destabilization of TET2 (File S3–S5
[XLSX], ESI†), which generally suggests reduced interaction with
other molecules, and an increase in its phosphorylated form

Fig. 2 Multivariate and network analysis of POMC-derived peptide effects: (A) scores (purple for ACTH, green for a-MSH, yellow for g-MSH) and
(B) loadings plots obtained from a principal component analysis of the differential expression patterns (relative to vehicle-only negative controls)
observed after treatment with the three POMC ligands at three concentrations (20, 100, and 500 nM). The loadings plot shows the proteins with the 50
highest loadings and their positions in the two-dimensional space spanned by principal components 1 and 2. (C) Network of enriched ontology clusters
of proteins with Euclidean distance 40.1 based on PCA analysis (metascape,20); (D) Sankey diagram showing connections between the POMC-peptides
ACTH, a-, and g-MSH, the affected biological processes, and the proteins identified with affected thermal stability as a result of treatment.
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indicates a potentially active role in immune response
regulation.3 This dualistic nature of TET2’s regulation was
mirrored in the activities of transcription factors involved in
the immune response; a decrease in anti-inflammatory STAT1
activity was coupled with an increase in pro-inflammatory STAT3
activity.3 Further complexities in signaling pathways were high-
lighted by the thermal destabilization of vimentin (VIME),
associated with pro-inflammatory STAT3 signaling and phos-
phorylation by ACTH (see Table 1 and File S3–S5 [XLSX], ESI†),
contrasting with a decrease in activity and phosphorylation of
high mobility group box 2 (HMGB2), which is involved in pro-
inflammatory processes.3 This activity corresponds with
enhanced signaling pathways such as p38, ERK, JNK, and PI3K
(File S1 [XLSX], ESI†).

Furthermore, NFk B, another key player regulated by ILs,
interacts with RIR2B, a top 50 PCA loadings protein that was
thermally stabilized in the ACTH and g-MSH treatment groups
(Fig. 2 and File S2 [CSV], ESI†).

All three endogenous ligands clearly affected the immune
response triggered by MC3R engagement. While ACTH affected
the highest number of immune-related proteins, g-MSH

showed the strongest activation of IFN signaling and a-MSH
was the major effector of the IL-6 cascade.

Energy homeostasis

MC3R-mediated signaling also extends to energy balance
through modulation of metabolic pathways. We identified
differential thermal responses among proteins in key metabolic
processes following treatment with ACTH, a-MSH, and g-MSH
(File S1 [XLSX], ESI†).

All three ligands were found to modulate the critical cAMP-
PKA-CREB signaling pathway, which is integral to energy
balance and connects to numerous metabolic pathways.21

Interestingly, the treatment with these peptides resulted in
varied effects on the PI3K and ERK pathways, crucial to glucose
and lipid metabolism.32–34 The observed activation of the ERK
pathway is directly connected to AMP-activated protein kinase
(AMPK), known as the sensor for energy and regulator of energy
homeostasis33–36 (File S1 [XLSX], ESI†).

PCA highlighted mitochondrial proteins, including TIM8A
and ATP5J, as discriminators of ligand-specific responses
(Fig. 2), suggesting differential regulation of mitochondrial

Fig. 3 Heatmap showing pathway analysis with IPA as an effect of treatment with ACTH, a-MSH and g-MSH at various concentrations compared to
vehicle-only, and thermally affected proteins.
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function. Consistent with this, ACTH uniquely modulated
NADPH-producing enzymes—such as isocitrate dehydrogen-
ase, succinate dehydrogenase, and aconitase—while a-MSH
and g-MSH preferentially affected proteins involved in pyruvate
metabolism and glycolysis, respectively. Beyond canonical
metabolic pathways, we observed ligand-dependent changes
in histone deacetylases: HDAC1 and HDAC2 were thermally
affected by all three peptides, whereas HDAC7 responded
exclusively to ACTH (File S1 [XLSX], ESI†). These epigenetic
regulators may link MC3R signaling to long-term metabolic
homeostasis and require further investigation.

Conclusions

This study offers a comprehensive, high-confidence map of
MC3R signaling by comparing the thermal proteome profiles
elicited by its three endogenous agonists—ACTH, a-MSH, and
g-MSH—and integrating differential expression, 2D-TPP,
and IPA.

By aligning TPP-derived stability shifts with pathway enrich-
ment, we confirmed established axes (cAMP-PKA-CREB, JAK-
STAT) and uncovered ligand-specific biases: g-MSH robustly
activates interferon cascades, whereas ACTH uniquely reconfi-
gures NADPH-producing enzymes, and a-MSH and g-MSH
preferentially modulate pyruvate and glycolytic proteins. PCA
further implicated mitochondrial factors (TIM8A, ATP5J) in
ligand discrimination.

Beyond metabolism and immunity, we identified histone
deacetylases (HDAC1/2 for all ligands, HDAC7 for ACTH) as
potential mediators of MC3R effects, suggesting novel inter-
vention points. Despite the limitation that all findings were
obtained within a HEK293-cell line that does not represent a
disease model, our study has generated a better understanding
of MC3R-signaling and opens avenues for development and
further studies. It will be of particular interest to follow up or
results presented here with studies of therapeutic interventions
targeting metabolic disorders and immune-related conditions
in corresponding tissues.
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