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The modulation of leptin sensitivity in hypothalamic neurons plays a crucial role in
metabolic regulation and the development of obesity. Three distinct approaches,
exposure to leptin (LEPA), administration of leptin antagonist (LANTA), and treatment
with palmitate (PA), were explored in this study to assess their effects on adult-
derived mHypoA-2/12 neurons and the resulting transcriptomic signatures. To this
end, 3’ mMRNA-Seq transcriptome analysis was employed, unexpectedly revealing
downregulation of key genes associated with the NOD-like receptor signaling
pathway (Irf9, Mapk3, Stat2, Nfkbia, Ikbkg, Rela, Cxcll, and Traf5), the C-type lectin
receptor signaling pathway (Nfkb2, Irf9, Mapk3, Stat2, Nfkbia, Ikbkg, Rela, and Ptgs2),
the NF kappa B signaling pathway (Nfkbia, Ikbkg, Nfkb2, Rela, Traf5, Cxcll, and
Ptgs2), and the IL 17 signaling pathway (Nfkbia, Ikbkg, Mapk3, Rela, Traf5, Cxcl1, and
Ptgs2). These findings help elucidate the molecular mechanisms through which
these factors influence leptin sensitivity and provide insights into the pathways
implicated in the development of leptin resistance in hypothalamic neurons.
The surprising downregulation of these pathways suggests a complex interplay
between leptin signaling and the cellular stress response in hypothalamic neurons.
This alteration may reflect adaptive mechanisms in response to prolonged leptin
or fatty acid exposure. Understanding these dynamics is essential for elucidating
the role of hypothalamic inflammation in the progression of leptin resistance and
associated metabolic disorders.

KEYWORDS

leptin, hypothalamic neurons, palmitic acid, leptin resistance, inflammation, RNA-seq
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1 Introduction

Hypothalamic leptin resistance, a critical factor in the development of obesity and related
metabolic disorders, is driven by various mechanisms, including hyperleptinemia, inflammation,
endoplasmic reticulum (ER) stress, and defective autophagy. Hyperleptinemia, characterized by
chronically elevated leptin concentrations, causes leptin resistance by overactivating negative
feedback regulators, ultimately impairing the leptin signaling pathway (Zieba et al., 2008, 2020;
Szczesna et al., 2011). Neuroinflammation, particularly in the hypothalamus, is an important
factor in leptin resistance. The hypothalamus, a key regulator of food intake and energy
expenditure (Williams, 2012), is the focal point of our search for the causes of leptin resistance of
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various origins (Zieba et al., 2019, 2023; Biernat et al., 2021). High-fat
diets (HFDs) induce hypothalamic inflammation through the activation
of toll-like receptor 4 (TLR4), leading to impaired leptin signaling (Chen
et al,, 2024). The accumulation of misfolded proteins in the ER triggers
stress responses that can disrupt leptin signaling. This mechanism is
particularly evident in obesity, where ER stress in the hypothalamus
exacerbates leptin resistance (Zhou and Rui, 2013; Horiuchi et al.,, 2021).
Finally, defective autophagy; a crucial process in cellular homeostasis, has
been linked to leptin resistance. Dysregulated autophagy in hypothalamic
neurons impairs energy balance and contributes to obesity (Kamareddine
et al, 2021). Each of these mechanisms underscores the complex
interplay between metabolic dysfunction and leptin signaling,
highlighting the challenges in managing leptin resistance and obesity.

To modulate leptin sensitivity, various strategies, including the
application of leptin, palmitate (PA), or leptin antagonists (LANTAs),
have been employed in in vitro models; each approach affects leptin
signaling through distinct mechanisms. Prolonged exposure of cells
to leptin can lead to overstimulation of the JAK2-STAT3 signaling
pathway. This overstimulation results in the upregulation of suppressor
of cytokine signaling 3 (SOCS3), a key negative feedback regulator
that diminishes leptin receptor signaling, ultimately reducing cellular
sensitivity to leptin (Liu et al., 2022). This approach closely models
leptin resistance in obesity, in which chronically high leptin
concentrations contribute to a diminished response to the hormone.

On the other hand, PA, the primary saturated fatty acid in the
Western diet and a significant contributor to human obesity, induces
leptin resistance through mechanisms involving ER stress and
inflammation. Exposure to PA activates inflammatory pathways, such
as the NF-kappa B pathway, and promotes the expression of SOCS3,
thereby disrupting leptin receptor function and impairing leptin
signaling (Chen et al., 2024). This model is particularly useful for
studying how dietary factors contribute to metabolic disorders and the
development of leptin resistance.

LANTAs modulate leptin sensitivity by directly blocking the
leptin receptor. By preventing leptin from binding to its receptor, these
antagonists effectively inhibit downstream signaling, creating a state
of artificial leptin resistance. This approach not only helps us explore
the physiological roles of leptin but also has potential value in the
development of therapeutic strategies for obesity and related
conditions. This approach is a step toward a future in the fight against
metabolic disorders, offering hope that effective treatments can
be developed (Philp et al., 2021).

Although these methods effectively reduce leptin sensitivity, they
all employ different mechanisms: leptin-induced resistance arises
from receptor overactivation, PA-induced resistance from lipid-
induced stress and inflammation, and LANTA-induced resistance
from direct receptor blockade. Understanding these distinctions is
crucial for developing targeted therapies to counteract leptin resistance
and its metabolic consequences.

In this study, the effects of three distinct factors—leptin (LEPA),
leptin antagonists (LANTAs), and palmitate (PA)—on adult-derived
mHypoA neurons were investigated, and the resulting transcriptomic
signatures were analyzed, providing highly valuable results. The aim

Abbreviations: LEPA, Leptin; LANTA, Leptin antagonist; PA, Palmitic acid; PCA,
Principal component analysis; RNA-seq, RNA sequencing; SMLA, Superactive

mouse leptin antagonist; mHypoA, adult mouse hypothalamic cell.
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of this study was to elucidate the molecular mechanisms by which
these factors modulate leptin sensitivity and identify the genetic
pathways implicated in the development of leptin resistance. This
study provides invaluable insights into the complex world of leptin
resistance and its modulation, thereby contributing to endocrinology,
metabolism, and obesity.

2 Materials and methods

The Second Local Ethics Committee on Animal Testing in
Krakow, Poland, approved the experiments (Protocols No. 95/2024).
The adult-derived mHypoA-2/12 cell line is an appropriate line for
investigating PA/leptin effects, neuroinflammation, and leptin
resistance in hypothalamic neurons.

2.1 Cell culture and treatments

The adult mouse hypothalamic cell line mHypoA-2/12 (Clul77,
Cedarlane, Canada) was grown in Dulbeccos modified Eagles
medium (DMEM) with GlutaMAX (4,500 mg/L, Gibco - Thermo
Fisher Scientific, United States) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific,
United States) and 1% Gibco™ Antibiotic-Antimycotic (10,000 units/
mL penicillin, 10,000 pg/mL streptomycin, and 25 pg/mL Gibco
Amphotericin B, Thermo Fisher Scientific, United States). Briefly, the
cells were plated in 24-well culture plates at a density of 1.5 x 10° cells/
well and maintained at 37°C and 5% CO,. The cells were exposed to
mouse leptin (LEPA: 200 nM, PLR, Israel), mouse leptin antagonist
(LANTA: 30 pM, PLR, Israel), or palmitic acid (PA, 5 mM, Merck,
United States) for 24 h. PA was conjugated with fatty acid-free bovine
serum albumin (NEFA-free BSA) and reconstituted in serum-free
DMEM (Thermo Fisher Scientific, United States) as previously
described (Mayer and Belsham, 2010). Vehicle controls were cultured
in serum-free DMEM containing 5% NEFA-free BSA (CTR). After
treatment, the cells were used for the assays described below.

2.2 Cell viability assay

Cell viability was assessed using the RealTime-Glo™ MT Cell
Viability Assay (Promega, United States) according to the
manufacturer’s protocol. The treated cells were reseeded in white-
walled 96-well plates at a density of 4,000 cells/well and allowed to
attach overnight. For time zero measurements, the cells were
incubated with RealTime-Glo™ MT Cell Viability reagent for 20 min
at 37°C, and the luminescence intensity was measured with a TECAN
Infinite M200 PRO microplate reader. The data are reported as the
relative luminescence compared with the control.

2.3 Caspase-3/7 activity assay

Caspase-3/7 activity was measured using the Caspase-Glo® 3/7
Assay (Promega, United States). Briefly, mHypoA-2/12 cells (15 x 10°
cells per well) were cultured in a 96-well white plate. For the positive
control, the cells were treated with 5 uM staurosporine (0.1% final
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DMSO, Merck, United States) for 24 h. Caspase-Glo® 3/7 reagent was
added to all the wells at a 1:1 ratio, and the plate was shaken at room
temperature for 30 min. The luminescence was measured, and the
data were reported as described previously.

2.4 Calcium fluorescence assay

Intracellular calcium levels were measured using a Fluo-4 NW
calcium assay kit (Invitrogen) according to the manufacturer’s
instructions. Treated cells were seeded into black-walled, clear-bottom
96-well plates at a density of 10,000 cells/well and allowed to attach
overnight. After incubation with Fluo-4 NW dye in the presence of
2.5 mM probenecid for 30 min at 37°C, the fluorescence intensity was
measured with a TECAN Infinite M200 PRO microplate reader with
excitation at 494 nm and emission at 516 nm. The data are reported as
relative fluorescence units (RFUs) compared with the control.

2.5 3’ mRNA-Seq transcriptome analysis

Treated and control cells were trypsinized, transferred to 1.5 mL
Eppendorf-type tubes, and centrifuged at 500x g for 7 min. The
supernatants were immediately removed, and the pelleted cells were snap-
frozen at —80°C until RNA isolation. TRI Reagent™ Solution (Thermo
Fisher Scientific, United States) was used to purify total RNA according to
a standard procedure. The quality of the RNA was assessed with the
TapeStation 4,150 System (Agilent, United States). RNA quantification was
performed using the Qubit RNA BR assay (Thermo Fisher Scientific,
United States). The library was prepared from 50 ng of total RNA with the
QuantSeq 3’ mRNA-Seq Library Prep Kit FWD (Lexogen, Austria), which
enables the performance of standard gene expression analysis with as few
as 3 million (M) sequencing reads per sample. The quality of the prepared
indexed libraries was checked with the TapeStation 4,150 System (Agilent,
United States) and D1000 ScreenTape. Libraries were quantified using a
Qubit dsDNA BR kit (Thermo Fisher Scientific, United States). The libraries
were pooled in equimolar concentrations and finally sequenced in a
single-end 150 bp run on a NovaSeq 6,000 System (Illumina, United States)
to obtain at least 6 M reads per library. Raw sequencing reads and raw read
counts were publicly shared in the Gene Expression Omnibus (GEO) and
Sequence Read Archive (SRA) databases held by the National Center for
(NCBI) accession

Biotechnology  Information under  the

number GSE280030.

2.6 Sequencing data analysis

FastQC (v0.11.9) software was used to evaluate the quality of the raw
sequencing reads. Then, trimming and filtering were performed using
Flexbar software (3.5.0) (Dodt et al., 2012). During filtering, quality end
reads, adapter sequences, and reads that were too short after trimming were
removed. The clean, high-quality reads were mapped to the mouse GRC39
assembly with the STAR aligner (2.7.5¢) (Dobin et al., 2013). For read
counting within annotation MM109 (Ensembl) features, Htseq-count
(1.99.2) (Anders et al., 2015) software was used. Final read normalization,
principal component analysis (PCA), hierarchical clustering, and
differential expression (DE) analysis via DESeq2 (v3.16) software (Love
etal,, 2014) were performed on the iDEP96 (v1.1) server (Ge et al., 2018).
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The function and enrichment in specific Gene Ontology (GO) terms
[biological process (BP)] and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway categories in differentially expressed genes [false
discovery rate (FDR) < 0.05] were analyzed via iDEP96 software. The
analyzed BP terms and KEGG annotation categories were considered
enriched when the corresponding FDR was lower than 0.05.

2.7 Statistical analysis

Statistical analyses were conducted using JASP v0.17.1 software.’
The distribution of the data was first assessed via the Shapiro-Wilk
test, and variance equality was examined via the Levene test. For data
with a normal distribution and equal variances, one-way ANOVA was
performed, followed by the Tukey post hoc test for group comparisons.
When the data did not follow a normal distribution or showed
significant differences in variance, the nonparametric Kruskal-Wallis
test was used as an alternative to ANOVA, with group comparisons
analyzed via the Dunn post hoc test. For validation of RNA-seq
results, Pearson correlation coefficients were calculated to compare
gene expression levels obtained through RNA-seq and qPCR. A strong
positive correlation between the two methods (r> 0.85, p < 0.05)
confirmed the reliability of the transcriptomic data.

2.8 gPCR validation of the transcriptome
data

Quantitative PCR (qPCR) analysis of three selected genes (Mapk3,
Stat2 and Stat3) was performed using the TagMan Gene Expression
Assay (Thermo Fisher Scientific) on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific). Total RNA
was isolated from three biological replicates for each experimental
condition (Control, PA, LEPA, and LANTA). For each sample, 500 ng
of RNA was reverse transcribed into complementary DNA (cDNA)
using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The resulting
cDNA was used as a template for qQPCR.

Each sample was analyzed in triplicate under the following PCR
conditions: 50°C for 5 min; 95°C for 10 min; and 40 cycles at 95°C for 15 s
and 60°C for 1 min. The relative expression levels of each gene were
calculated via the AACt method, with gene expression levels standardized
to those of GAPDH and 18S rRNA as the endogenous controls.

5 Results
3.1 Assessment of cell viability

To evaluate cell viability;, we performed the RealTime-Glo™ MT Cell
Viability Assay (Promega). A 24-h incubation period with LEPA (200 nM)
or LANTA (30 pM) maintained cell viability at levels comparable to those

of the control (Figure 1A). In contrast, incubation with PA (5 mM) for 24 h
significantly decreased cell survival by 60.75% (p < 0.001).

1 https://jasp-stats.org/
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FIGURE 1

Effects of palmitate (PA), leptin (LEPA), and leptin antagonist (LANTA) on key cellular functions in hypothalamic neurons. The graph shows cell viability
(A), Caspase 3/7 activity (B) and Calcium mobilization (C) altered by PA, LEPA, and LANTA treatments compared with the control (CTRL).
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3.2 Assessment of caspase-3/7 activity

To quantitatively assess apoptotic activity, we performed the
Caspase-Glo® 3/7 Assay (Promega), which specifically measures the
activity of caspase-3 and caspase-7, which are central executors of
apoptosis. After a 24-h incubation period, LEPA (200 nM) and LANTA
(30 pM) did not significantly alter caspase-3/7 activity compared with
that in the control group, indicating that these treatments did not trigger
significant apoptotic responses. In contrast, treatment with PA (5 mM)
resulted in a marked increase in caspase-3/7 activity, with a fold change
of 2.12 relative to that of the control (p < 0.001), confirming the induction
of apoptosis by PA (Figure 1B).

3.3 Calcium assay

To investigate the effects of LEPA, LANTA, and PA on intracellular
calcium levels, we used the Fluo-4 NW Calcium Assay Kit (Invitrogen).
Following a 24-h incubation period, significant increases in intracellular
calcium levels were observed in all the treatment groups compared with
those of the control group. Specifically, treatment with PA (5 mM)
resulted in a substantial increase in calcium levels, with mean RFU values
increasing from 35,448.83 (control) to 39,830.67 (p < 0.01). Similarly,
LEPA (200 nM) and LANTA (30 pM) also induced significant increases
in calcium levels, with mean RFU values increasing to 38,282.67
(p <0.05) and 38,246.83 (p < 0.05), respectively (Figure 1C). While PA
elicited a more pronounced calcium response compared with the control
than the other two treatments did, the differences among PA, LEPA, and
LANTA were not statistically significant, indicating that all three
treatments effectively elevated the intracellular calcium levels to a
similar extent.

3.4 Sequencing data evaluation and
general transcriptome profile
differentiation

Overall, 3 mRNA-Seq sequencing reads were generated for 15 cell
cultures classified into four treatment groups (CTR, PA, LEPA, and
LANTA). On average, 6.5 M (SD = 693.9 K) raw reads per sample
were generated, of which 6.37 M (SD = 668.0; 97%) passed initial
filtering. Among the filtered reads, on average, 3.8 M (SD = 426.6;
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60.4%) were uniquely mapped to the reference genome assembly. A
mean of 3.7 M (SD = 417.6; 97.5%) reads were counted in genes and
used for differential expression analysis (Supplementary Table SI).
Among the initial 57,010 annotated genes, 27,978 passed the
expression level filter and were used in the final differential
expression analysis.

All filtered reads were used to visualize the differentiation of
expression profiles via PCA. Furthermore, a subset of the 2,000 most
variable genes was used to prepare a heatmap with hierarchical
clustering of genes and sample expression profiles (Figure 2). The PCA
revealed visible clusters of samples from different treatment groups
(with minor overlaps). Differences in expression profiles among
groups were much more apparent in hierarchically clustered heatmaps.
Two significant clades were identified for control/PA- and LEPA/
LANTA-treated cells, with visible internal differentiation of samples
belonging to separate treatment groups. The 2,000 most variable genes
were clustered into numerous clades, including large subsets of
predominantly up- or downregulated genes in separate treatment
groups (Figure 2).

3.5 Changes in the neural cell
transcriptome following different
treatments

Initially, the transcriptomes of treated cells were compared
with those of control cells to capture the basic gene expression
alterations caused by each agent. LANTA treatment altered the
greatest number of genes (2,575 genes; FDR < 0.05), and LEPA
treatment altered the fewest genes (1,234 genes; FDR < 0.05;
Figure 3; Supplementary Table S2). In both of those treatments,
the numbers of up- and downregulated genes were similar;
however, PA treatment caused a predominant downregulation of
gene expression (63% of altered genes). Among the differentially
expressed genes, 194 were altered in all treated cells (shared
genes). The greatest number of altered genes shared by at least
two treatments was found in LEPA- and LANTA-treated cells
(n = 539; Supplementary Table S3).

A comparison of the transcriptomes of cells treated with
LEPA and LANTA revealed 1,988 differentially regulated genes
(FDR < 0.05), 1,056 (53%) of which were upregulated by the
application of LANTA (Supplementary Table S2). When the
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FIGURE 2
Differentiation of gene expression profiles following different treatments. (A) Hierarchically clustered heatmap of gene and sample expression profiles.
(B) Principal component analysis 3D visualization. (C) Principal component analysis 2D visualization.

transcriptomes of cells from both treatments were compared with
those of PA-treated cells, 3,665 genes with altered expression
were observed in LANTA-treated cells, and 3,000 were observed
in LEPA-treated cells. A slightly greater proportion of genes were
upregulated by the LEPA and LANTA treatments than by the PA
treatment (56 and  52%, 4;

respectively;
Supplementary Table S2).

Figure

3.6 Effects of PA on the neural cell
transcriptome

The application of PA to neural cells resulted in altered expression
of 1,418 genes. An analysis of genes enriched in GO BP terms revealed
that the upregulated genes were enriched (FDR < 0.05) in several
categories related to non-coding (mainly ribosomal) RNA processing
and ribosome biogenesis (GO:0006396, GO:0006364, GO:0022613,
GO:0042254, GO:0034660, GO:0034470 and others), ER stress
(G0:0034976, GO:0035966, GO:0030970, GO:1903513, GO:0030433
and others), and protein folding (mainly aberrant) and degradation
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through the ERAD pathway (GO:0006457, GO:0035966, GO:0006986,
G0:0061077, GO:0051084, GO:0036503 and others). In contrast, the
downregulated genes were enriched (FDR < 0.05) in BP categories
related to mitotic cell cycle regulation and cell division (GO:1903047,
G0:0022402, GO:0051301, GO:0010564, GO:1905818, GO:0000070,
GO0:0140014, GO:0010965, and GO:0051128), metabolic processes or
responses to lipids (GO:0006629, GO:0033993) and programmed cell
death (GO:0012501, GO:0008219; Figure 5; Supplementary Table S4).
Similar functions of differentially expressed gene were revealed
when overrepresentation tests were performed for KEGG pathway
categories. The genes upregulated by PA were enriched (FDR < 0.05)
in several pathways, e.g., protein processing in endoplasmic reticulum
(mmu04141), ribosome biogenesis in eukaryotes (mmu03008), and
spliccosome functioning (mmu03040). In contrast, the
downregulated genes were associated with cell cycle regulation
(mmu04110), focal adhesion (mmu04510), AGE-RAGE signaling
pathway in diabetic complications (mmu04933), glycosaminoglycan

degradation (mmu00531), fatty acid metabolism and degradation
(mmu01212, mmu00071)

Supplementary Table S4).

and several others (Figure

-
25

frontiersin.org



https://doi.org/10.3389/fnmol.2024.1518737
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Octon et al. 10.3389/fnmol.2024.1518737

A B
Number of DE genes
3000
5560 Comparisons  Up Down All DE genes
2000
PA-CTR 524 894 1418
1500
1000 LEPA-CTR 575 659 1234
500 LANTA-CTR 1251 1324 2575
0
PA-CTR LEPA-CTR LANTA-CTR
m Up ®Down
C
PA LEPA LANTA
Average Expression vs. Log2 Fold Change Average Expression vs. Log2 Fold Change Average Expression vs. Log2 Fold Change
5.0
5
% 0.0 -
825
5.0
75 . . N .
4 8 12 16 4 12 16 4 2 16
Average Expression Average Expression Average Expression
FIGURE 3
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FIGURE 5
Top 10 biological processes and KEGG pathways enriched with genes altered by palmitic acid (PA) treatment compared with the control and high
leptin concentration (LEPA) treatments. The bottom graph presents processes altered by LEPA compared with PA treatment for genes that are
commonly differentially regulated in both treatments.

3.7 Comparison of the effects of PA and
LEPA treatments on gene expression in
neural cells

The effects of PA on gene expression in mouse neural cells were
also compared with those of LEPA. In this comparison, 271 genes were
commonly dysregulated (Supplementary Table S5), and 3,000 were
differentially expressed (Supplementary Table S2). The shared genes
were enriched (FDR < 0.05) in GO term categories such as immune
system response (e.g., GO:0032727, GO:0035458, GO:0035456,
GO0:0071345, and GO:0002682), catabolism (GO:0009894,
G0:0009057, and GO:1901575) and apoptosis (e.g., GO:0043067,
G0:0042981, GO:0010941, and GO:0012501). The overrepresented
KEGG pathways included various metabolic pathways (e.g.,
mmu00980, mmu00240, and mmu01100), immune system-related
pathways, e.g., NOD-line, RIG-I-like and Toll-like receptors
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(mmu05169, mmu04621, mmu04622, mmu05164, mmu04657, and
others), and other pathways (Figure 5; Supplementary Table S5).

Within the group of genes differentially regulated between cells
treated with PA and those treated with LEPA, genes upregulated by
LEPA were associated predominantly with cell cycle regulation/
progression and mitotic cell division (GO:0022402, GO:1903047,
GO0:0010564, GO:0007059, GO:0140014, GO:0044772, and others),
whereas downregulated genes were associated mainly with response
to stress (also in the ER) (e.g., GO:0006950, GO:0034976, and
GO0:0033554); cellular response to topologically incorrect or unfolded
protein (GO:0061919, GO:0035967, and GO:0006986); catabolic
processes (GO:0044248, GO:0009056); cell death, apoptosis and its
regulation  (GO:0006915, GO:0008219, GO:0012501, and
GO0:0010941); and immune system response (GO:0009615,
GO0:0051607, GO:0045071, GO:0016032, and GO:0045087; Figure 5;
Supplementary Table S5).
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The KEGG pathways associated with genes upregulated by LEPA
treatment included cell cycle regulation (mmu04110), DNA
replication and repair (mmu03030, mmu03430, mmu03440),
glycolysis/gluconeogenesis (mmu00010), focal adhesion (mmu04510)
and other pathways. The downregulated genes were associated with a
variety of pathways, of which the most interesting ones were protein
processing in endoplasmic reticulum (mmu04141) and immune
system-related pathways (mmu04621, mmu05164, mmu04064, and
mmu04622; Figure 5; Supplementary Table S5).

3.8 Effect of LEPA treatment on the neural
cell transcriptome

Compared with that in control untreated cells, LEPA altered the
expression of 1,234 genes, of which almost equal numbers of genes
were upregulated and downregulated, with a minor predominance of
downregulated genes (Figure 3). Overrepresentation analysis
performed for GO BP terms revealed that the upregulated genes
enriched (FDR < 0.05) terms associated with RNA processing (mainly
noncoding RNA) and metabolism, which is presumably related to
ribosome biogenesis (G0:0006396, GO:0022613, GO:0042254,
G0:0016072, GO:0034660, GO:0034470, and GO:0016070); mRNA
processing (GO:0008380, GO:0006397, GO:0016071, GO:0016070,
and GO:0000375); DNA metabolism, replication and repair
(GO:0006259, GO:0006260, GO:0051276, GO:0006261, GO:0006281,
GO:0006270 and others); and cell cycle regulation (GO:0007049,
GO:1903047). The downregulated genes in LEPA-treated cells were
enriched BP terms such as immune system response (GO:0002376,
GO0:0006952, GO:0006955, GO:0045087, GO:0051607, and others),
response against viruses (GO:0019079, GO:0045071, and
G0:0045071) and external biotic stimuli (GO:0009607, GO:0043207,
and GO:0051707; Figure 6; Supplementary Table S6).

The KEGG pathways enriched by genes upregulated by LEPA
treatment were related to the BP terms and included DNA
replication and repair (mmu03030, mmu03410), RNA processing
(mmu03040, mmu03018) and ribosome biogenesis (mmu03008),
among others. The downregulated genes enriched in KEGG
pathways were associated mostly with the immune system
response, mainly against viruses (mmu05164, mmu05171,

10.3389/fnmol.2024.1518737

mmu04657, mmu05167) and apoptosis (mmu04210; Figure 6;
Supplementary Table S6).

3.9 Effect of LANTA treatment on the
neural cell transcriptome

LANTA treatment altered the expression of 2,575 genes, almost
equal numbers of which were up- and downregulated. The functional
analysis of genes upregulated by this treatment revealed enrichment
(FDR < 0.05) in BP terms responsible for RNA processing (mainly
noncoding) and ribosome biogenesis (GO:0006396, GO:0022613,
G0:0034470, and GO:0006364); DNA metabolism, repair and
replication  (GO:0006259, GO:0006260, GO:0006261, and
G0:0006974); mRNA processing (GO:0006397 and GO:0000398); cell
cycle regulation (GO:0007049 and GO:1903047); and cellular
respiration (GO:0022904, GO:0045333, and GO:0015986). The BP
terms in which the downregulated genes were enriched were related
to the response to stress by organic stimuli and organic substances
(G0:0006950, GO:0070887, and GO:0010033), catabolic processes
(G0O:0009056, GO:0044248, and GO:0009894), immune system
responses (mainly to viruses) (GO:0051607, GO:0002376,
GO0:0009615, GO:0098542, and GO:0006955), and apoptosis
(GO:0008219, GO:0006915, GO:0010941, and GO:0012501; Figure 7;
Supplementary Table S7).

KEGG pathway analysis yielded similar results, showing that the
upregulated genes were involved in ribosome biogenesis (mmu03010,
mmu03008), DNA replication and repair (mmu03030, mmu03410),
the cell cycle (mmu04110), and RNA splicing (mmu03040). The genes
downregulated by LANTA were enriched mainly in pathways related
to viral infection (mmu05164, mmu05160, mmu05167, and
mmu05165) and immune system processes (mmu04657, mmu04064,
and mmu04621; Figure 7; Supplementary Table S7).

3.10 Comparison of the effects of LEPA and
LANTA on gene expression

Next, the effects of LEPA and LANTA on the neural cell
transcriptome were compared. Compared with the control, 733 genes
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were commonly altered in both treatments, and 1,988 genes were
differentially expressed. The shared genes were enriched in BP terms
such as immune system response to viruses (GO:0032728,
G0:0045071, GO:0035456, GO:0048525, GO:0019079, GO:0140546,
and others), metabolism (GO:0006518, GO:0031329, GO:0009894,
GO0:0043603, and others), DNA damage response and repair
(GO:0006974, GO:0006259) and apoptosis (GO:0006915,
GO0:0042981, GO:0043067, and GO:0010941). The enriched KEGG
pathways included those associated with various immune system
responses (mmu05340, mmu04621, mmu05169, mmu04657,
mmu04668, mmu05160), DNA replication and repair (mmu03030,
mmu03410), apoptosis (mmu04210) and oxidative phosphorylation
(mmu00190; Supplementary Table S8).

Overrepresentation in BP terms was also analyzed for the genes
that were differentially expressed between cells treated with LEPA and
those treated with LANTA. The genes upregulated by LANTA were
enriched in processes associated with RNA processing (mainly
noncoding) and ribosome biogenesis (GO:0006396, GO:0022613,
GO0:0042254, GO:0006364, GO:0034470, and GO:0008380),
translation (GO:0002181, GO:0006412, and GO:0043043), and
cellular respiration/ATP synthesis (GO:0006119, GO:0009060,
GO0:0042776, GO:0010257, and GO:0022900).
downregulated by LANTA treatment were associated with metabolic

Most genes

processes, including those related to RNA metabolism, nitrogen
compound Dbiosynthesis, and macromolecule biosynthesis
(GO:0044271, GO:0016070, GO:0009891, GO:0009059, and
G0:0031328). Other downregulated genes were associated with
transcription, RNA splicing and translation (GO:0008380,
GO0:0010468, GO:0097659, GO:0032774, and GO:0006366; Figure 8;
Supplementary Table S8).

KEGG pathways associated with differentially regulated genes
between LANTA- and LEPA-treated cells were identified.
Upregulated genes were associated with ribosome functioning
(mmu03010), oxidative phosphorylation (mmu00190), cholesterol
metabolism (mmu04979) and several disease phenotypes,
including neurodegenerative and diabetic or fatty liver diseases
(mmu05016, mmu05010, mmu05415, mmu04932, mmu05022). In
contrast, genes downregulated by LANTA were connected with
only two pathways, namely, spliceosome function (mmu03040) and
adherens function  (mmu04520;

junction Figure  8;

Supplementary Table S8).
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3.11 gPCR validation results

The RNA-Seq validation through qPCR analysis demonstrated
strong correlations between the expression levels measured via both
methods. Specifically, the correlation coefficient was r=0.81
(p < 0.0013) for Mapk3, r = 0.79 (p < 0.0021) for Stat3, and r = 0.73
(p < 0.007) for Stat2. These strong correlations indicate the reliability
of the RNA-Seq data (Supplementary Table S13).

3.12 Differential expression of
immune-related genes in response to
modulated leptin signaling

The analysis of the expression of six genes (Ikbkg, Nfkbia, Rela,
Mapk3, Ptgs2, and Cxcll), key players in immune pathways, including
C-type lectin receptor (Supplementary Table S9), and IL-17 signaling
(Supplementary Table S10), NF-kappa B (Supplementary Table S11),
NOD (Supplementary Table S12), revealed several significant
differences (Figure 9). Compared with CTR, ITkbkg was significantly
downregulated by PA (log2FC=-0.61, p<0.05), LEPA
(log2FC = —1.63, p < 0.001), and LANTA (log2FC = —0.90, p < 0.001),
with the greatest reduction in the LEPA group. Ikbkg was also
downregulated by LEPA compared with PA (log2FC = -1.02,
P <0.001) but upregulated compared with LANTA (log2FC = 0.73,
p<0.05). Nfkbia was significantly downregulated by LEPA
(log2FC = —1.12, p < 0.01) and LANTA (log2FC = —1.40, p < 0.001)
compared with the CTR group, with the greatest reduction in the
LANTA group. Nfkbia was also significantly downregulated by LEPA
(log2FC = —0.88, p < 0.01) and LANTA (log2FC = —1.16, p < 0.001)
compared with PA. Rela was significantly downregulated by LANTA
compared with CTR (log2FC = —1.19, p < 0.001), PA (log2FC = —1.17,
p<0.001), and LEPA (log2FC = —0.84, p < 0.01). Compared with
CTR, Mapk3 was significantly downregulated by PA (log2FC = —1.30,
p <0.001) and LANTA (log2FC = —1.49, p < 0.001), with the greatest
reduction in the LANTA group. Mapk3 was upregulated by LEPA
compared with PA (log2FC=0.93, p <0.01) but downregulated
compared with LANTA (log2FC=-1.12, p<0.01). Ptgs2 was
significantly downregulated by LEPA (log2FC = —2.91, p < 0.001) and
LANTA (log2FC = —1.51, p <0.01) compared with CTR, with the
greatest reduction in the LEPA group. Ptgs2 was also significantly
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downregulated by both LEPA (log2FC = —4.01, p < 0.001) and LANTA
(log2FC = —2.61, p < 0.001) compared with PA and upregulated by
LANTA compared with LEPA (log2FC = 1.41, p < 0.01). Cxcll was
significantly downregulated by LEPA (log2FC = —6.76, p < 0.001) and
LANTA (log2FC = —3.69, p < 0.001) compared with CTR, with the
greatest reduction in the LEPA group. Cxcll was significantly
downregulated by LEPA (log2FC = —5.72, p < 0.001) and LANTA
(log2FC = —2.65, p < 0.01) compared with PA and upregulated by
LANTA compared with LEPA (log2FC = 3.06, p < 0.01).

4 Discussion

In this study, we utilized the mHypoA-2/12 cell line, a murine
hypothalamic model, to explore how the modulation of leptin
sensitivity through treatments such as PA, LEPA, and LANTAs alters
critical signaling pathways. This cell line expresses the long form of
the leptin receptor (LeptRb), making it highly suitable for studying
leptin signaling and its disruption under conditions of metabolic
stress. Importantly, mHypoA-2/12 cells are NPY/AgRP positive and
POMC negative, which reflects their role in energy homeostasis and
provides an appropriate model for understanding the molecular
mechanisms of leptin resistance in AgRP neurons. Additionally, the
expression of several critical receptors (melanocortin 3 receptor
(MC3R), insulin receptor (IR), ghrelin receptor (GHSR), and
glucagon-like peptide receptor type 1 and 2 (GLP-1R, GLP-2R))
further enhances the utility of these cells in investigating the
hypothalamic regulation of metabolism (Dalvi et al., 2011, 2021).

Frontiers in Molecular Neuroscience

Leptin signaling disruption in hypothalamic neurons plays
a critical role in the pathogenesis of leptin resistance, which is
a significant contributor to obesity and metabolic disorders.
Among the various proposed mechanisms, a growing body of
evidence supports the view that leptin resistance, which is
mainly induced by overnutrition, is intricately linked to a
spectrum of cellular stress responses, including ER stress,
oxidative stress, and chronic inflammation (de Git and Adan,
2015; Szczesna and Zieba, 2015; Park et al., 2022). Understanding
these mechanisms is crucial for developing effective strategies
to combat obesity and its associated disorders, emphasizing the
urgency of our research. Our GO enrichment analysis revealed
interesting differences in the regulation of genes between cells
treated with PA and those treated with LEPA. In particular, PA
treatment, which models the effects of an HFD, induced
substantial stress responses, as reflected by the upregulation of
genes associated with ER stress and protein misfolding,
increased caspase-3/7 activity and decreased cell viability. These
findings support the hypothesis that PA exacerbates leptin
resistance by inducing cellular stress and apoptosis in
hypothalamic neurons. This result is consistent with the
literature that links HFDs to TLR4 activation and subsequent
hypothalamic inflammation, contributing to leptin resistance
(Chen et al., 2024). In contrast, genes upregulated by LEPA were
predominantly involved in cell cycle regulation and mitotic cell
division, suggesting a role for LEPA in promoting cellular
proliferation and maintenance. These opposing gene expression
patterns between PA and LEPA highlight their distinct impacts

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1518737
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Octon et al.

10.3389/fnmol.2024.1518737

CTRL
10 —
——
8
—
—
6
4
c
kel
7
%]
2
% 2
w
0
8 LEPA
5
- 10
(5]
N
©
£ |
=
S 8
6 * =
4
2
Cxcl1 Ikbkg Mapk3 Nfkbia Ptgs2 Rela Traf5
FIGURE 9

- "™ =

PA
=—

== [y
B3 Ikbkg
BE Mapk3
BE Nikbia
E Ptgs2
. Rela

ES Trafs

LANTA

| ra

Cxcl1 Ikbkg Mapk3 Nfkbia Ptgs2 Rela Traf5

Normalized gene expression of key inflammatory and immune-related genes in hypothalamic neurons following PA, LEPA, and LANTA treatments. The
data represent normalized gene counts for genes with significantly altered expression in pairwise comparisons among treated and control groups,
determined using the Wald test (with FDR correction). Statistically significant genes, identified in at least one comparison, are presented. Data for all
pairwise comparisons have been moved to Supplementary Table S2, specifically to the sheet titled "Selected Genes" for clarity.

on cellular homeostasis. Understanding this dynamic interaction
might provide deeper insights into how leptin signaling and
cellular responses are modulated, particularly in the context of
metabolic disorders such as obesity (Zhou and Rui, 2013;
Campolim et al., 2020; Horiuchi et al., 2021). Furthermore, the
modulation of leptin sensitivity resulted in significant changes
in multiple signaling pathways, with a general downregulation
observed across several key inflammatory pathways. Notably,
three genes, Nfkbia, Ikbkg, and Rela, were consistently involved
in all four major pathways that were affected: the NOD-like
receptor (p < 0.0000177), C-type lectin receptor (p < 0.00075),
NF-kappa B (p < 0.00214), and IL-17 signaling (p < 0.00767)
pathways (Figure 9; Supplementary Tables S9-512). These genes
are known to be critical mediators of immune and inflammatory
responses (Liu et al., 2017), particularly through the regulation
of NF-kappa B signaling. The description of the role of each of
these genes is intentionally limited for clarity. Nfkbia encodes
the IkBa protein, which inhibits NF-kappa B by sequestering it
in the cytoplasm. Ikbkg (NEMO) is essential for activating
NF-kappa B, whereas Rela (p65) is a core component of the
NEF-kappa B complex that mediates transcriptional responses to
stress and inflammation (Chen et al., 2024). In addition to these
three genes, Mapk3, Ptgs2, and Cxcll, which are involved in
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some but not all of the same pathways, were also identified.
MAPK3 (ERK1) plays a role in cellular stress responses and is
involved in the NOD-like receptor, C-type lectin receptor, and
IL-17 signaling pathways but not in the NF-kappa B pathway
(Lee et al., 2009). Ptgs2 (COX-2), which drives proinflammatory
prostaglandin production, is involved in both the C-type lectin
receptor pathway and the NF-kappa B signaling pathway (Wang
et al., 2012). Cxcll, a chemokine responsible for immune cell
recruitment, is part of the NOD-like receptor, NF-kappa B, and
IL-17 signaling pathways (Zhao et al, 2010). With PA
application, Mapk3 is significantly downregulated, reflecting the
inhibition of the MAPK/ERK pathway. This reduction in ERK1
activity limits the ability of cells to respond to ER stress and
protein misfolding, both of which were highlighted by the GO
analysis. Since ERK1 typically supports cell survival and repair,
its suppression under PA likely exacerbates ER stress, leading to
increased apoptosis and reduced cell viability. These findings
are consistent with the broader GO analysis, which indicated
significant cellular dysfunction in response to PA treatment. In
parallel, Ptgs2 (COX-2), a key enzyme responsible for the
synthesis of proinflammatory prostaglandins, has the opposite
regulatory pattern. The significant upregulation of Ptgs2 with
PA application intensifies inflammatory signaling, particularly
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through the NF-kappa B and C-type lectin receptor pathways,
driving the proinflammatory environment characteristic of HFD
exposure. This increase in Ptgs2 reflects the enhanced
inflammatory state caused by PA, which contributes to cellular
damage and stress. Conversely, with both LEPA and LANTA
treatments, Ptgs2 is downregulated, indicating the suppression
of COX-2-mediated
indicates a shift toward a less inflammatory state, likely

inflammation. This downregulation
reflecting reduced prostaglandin synthesis and a broader
attenuation of NF-kappa B-driven inflammatory pathways.
Additionally, Cxcll exhibited significant downregulation
(p < 2.52E-10) with LEPA application, indicating reduced
immune recruitment and inflammatory signaling. CXCL1 plays
a crucial role in mediating neutrophil recruitment during
inflammation, particularly under acute leptin exposure, where
inflammation is typically increased (Souza-Almeida et al,
2018).
dysregulated or suppressed during chronic leptin exposure, as

However, inflammatory pathways can become
observed in leptin resistance. The downregulation of CxclI
under LEPA likely reflects an adaptive mechanism aimed at
reducing chronic inflammation in hypothalamic neurons. This
finding is consistent with the results of the GO analysis, which
revealed that LEPA promoted cell cycle regulation and mitotic
division, suggesting a focus on cellular maintenance and repair
rather than inflammation.

Unlike POMC neurons, which are often involved in the acute
proinflammatory responses mediated by leptin, AgRP neurons may
play a more protective role under chronic conditions by suppressing
inflammation. Studies have shown that chronic metabolic stress,
such as obesity and HFD consumption, leads to chronic hyperactivity
of AgRP neurons, which is likely a result of leptin resistance.
Although this chronic activation does not always cause long-lasting
obesity, this observation highlights the distinct roles of these
neurons under chronic conditions, where they may be involved in
modulating energy expenditure and metabolism without triggering
excessive inflammation (Johnson et al., 2020). Additionally, research
on chronic stress has shown that prolonged stress can suppress the
activity of AgRP neurons, reducing their contribution to harmful
outcomes such as inflammation and stress-related neuronal damage.
This suppression suggests a mechanism by which AgRP neurons
protect against chronic inflammatory responses during long-term
metabolic stress, such as leptin resistance (Fang et al., 2021). Thus,
the downregulation of inflammatory pathways, such as the NF-kappa
B and IL-17 pathways, observed in our study may be a reflection of
this protective mechanism in AgRP-positive neurons. This adaptive
response could limit the potential damage caused by chronic
inflammation in the hypothalamus during conditions such as
prolonged HFD exposure and leptin resistance. Interestingly,
LANTA treatment involves the superactive mouse leptin antagonist
(SMLA), a potent antagonist of leptin activity that competes with the
wild-type (WT) hormone to bind to leptin receptors and has a
binding efficiency increased more than 60-fold compared with that
of WT leptin (Shpilman et al., 2011). In our study, SMLA treatment
resulted in a significant downregulation of Rela (p < 0.0000162),
Ikbkg (p <0.00082) and Nfkbia (p <0.0000218), indicating
suppressed NF-kappa B signaling. The partial recovery of Ikbkg
suggested some restoration of NF-kappa B activity, particularly
within the NOD-like receptor and IL-17 signaling pathways,
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indicating that leptin antagonism with SMLA could partially restore
immune responses suppressed by chronic leptin exposure under PA
and LEPA conditions. Additionally, SMLA reduced cellular stress
and apoptosis while restoring pathways related to cell cycle
regulation and DNA repair, indicating its potential therapeutic role
in restoring normal immune and metabolic functions in leptin-
resistant states. Using SMLA alone provided a focused model of
receptor-level leptin resistance, enabling a clearer comparison with
the inflammation- and overstimulation-driven mechanisms induced
by PA and LEPA. This approach underscores that while distinct
their
transcriptional responses can exhibit significant overlap, reflecting

mechanisms underlie leptin resistance, downstream
shared disruptions in key signaling pathways.

The unexpected downregulation of inflammatory pathways
under all conditions contrasts with the typical activation of these
pathways observed in acute leptin exposure. However, this
suppression may represent a protective feedback mechanism that is
activated by chronic metabolic stress, which prevents further
neuronal damage. Notably, the similar effects of LEPA and LANTA
on immune-related gene expression may reflect shared downstream
signaling disruptions, such as in NF-kB and MAPK pathways,
despite their differing receptor-level mechanisms. Both treatments
likely converge on transcriptional regulation driven by compensatory
responses to chronic leptin resistance. Studies have shown that
chronic inflammation in the hypothalamus can lead to neuronal
damage and that downregulating inflammatory signaling may
prevent further harm (Horiuchi et al., 2021). Our findings are
consistent with research suggesting that chronic ER stress in the
hypothalamus can contribute to both metabolic dysfunction and
immune suppression, reflecting the complex interplay between these

processes (Campolim et al., 20205 Ye et al., 2021).

4.1 Limitations

Although this study provides valuable insights into leptin
resistance and its associated signaling pathways, a few limitations
should be noted. First, the immortalized mHypoA-2/12 cell line
was chosen for its ease of culturing and reproducibility, as well as
its expression of LepRb, making it a suitable model for
investigating leptin signaling. However, this cell line may not fully
represent the complexity of hypothalamic neurons in vivo. Future
studies using primary hypothalamic neurons could complement
our findings despite the challenges in culturing these cells.
Second, we employed 3> mRNA-Seq transcriptome analysis, a
method that efficiently quantifies gene expression by targeting the
3> end of mRNA transcripts. While this approach is suitable for
high-throughput analysis and accurate gene quantification, it
inherently limits the detection of transcript variants and
alternative splicing events, as only the 3’ ends of transcripts
are captured.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1518737
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Octon et al.

Ethics statement

Ethical approval was not required for the studies on animals
in accordance with the local legislation and institutional
requirements because only commercially available established
cell lines were used.

Author contributions

EO: Conceptualization, Data curation, Investigation, Methodology,
Supervision, Writing — original draft, Writing - review & editing. AG:
Data curation, Formal analysis, Methodology, Visualization, Writing —
original draft. TS: Data curation, Formal analysis, Software, Writing —
original draft. IJ: Investigation, Writing — original draft. MK: Validation,
Writing - original draft. JZ-L: Investigation, Writing - original draft.
DAZ: Conceptualization, Data curation, Funding acquisition,
Methodology, Supervision, Writing — original draft, Writing — review
& editing.

Funding

The author(s) declare that financial support was received
for the research, authorship, and/or publication of this
article. This research was financially supported by the National

Science Center, Poland (Grant no. UMO-2023/51/B/
NZ9/00651).
Acknowledgments

The authors express their deepest gratitude to Arieh
Gertler (Protein Laboratories Rehovot Ltd.; The Robert H. Smith
Faculty of Agriculture, Food and Environment, The Hebrew
University of Jerusalem, Rehovot, Israel) for a generous
gift of recombinant mouse leptin and the leptin antagonist
SMLA.

Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product

Frontiers in Molecular Neuroscience

10.3389/fnmol.2024.1518737

that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnmol.2024.1518737/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Sequencing reads, filtering, and mapping statistics for 3> mMRNA-Seq data.

SUPPLEMENTARY FIGURE S2

Differential gene expression analysis between the treatment groups and the
control group and among the treatment groups along with normalized gene
expression data.

SUPPLEMENTARY FIGURE S3
Venn diagram analysis of genes differentially expressed under
different treatments.

SUPPLEMENTARY FIGURE S4
Results of overrepresentation tests in BP terms and KEGG categories for
genes affected by palmitic acid (PA) treatment.

SUPPLEMENTARY FIGURE S5

Results of overrepresentation tests in BP terms and KEGG categories for
genes affected by palmitic acid (PA) compared with high leptin concentration
(LEPA) treatment. Both commonly affected (compared with the control) and
differential (between treatments) genes for these treatments are presented.

SUPPLEMENTARY FIGURE S6
Results of overrepresentation tests in BP terms and KEGG categories for
genes affected by high leptin concentration (LEPA) treatment.

SUPPLEMENTARY FIGURE S7
Results of overrepresentation tests in BP terms and KEGG categories for
genes affected by leptin receptor antagonist (LANTA) treatment.

SUPPLEMENTARY FIGURE S8

Results of overrepresentation tests in BP terms and KEGG categories for
genes affected by high leptin concentration (LEPA) compared with leptin
receptor antagonist (LANTA) treatment. Both commonly affected (compared
with the control) and differential (between treatments) genes for these
treatments are presented.

SUPPLEMENTARY FIGURE S9
Down-regulation of genes in the KEGG C-Type Lectin Receptor Signaling
Pathway following LANTA and LEPA treatments in hypothalamic neurons.

SUPPLEMENTARY FIGURE S10
Down-regulation of genes in the KEGG IL-17 Signaling Pathway following
LANTA and LEPA treatments in hypothalamic neurons.

SUPPLEMENTARY FIGURE S11
Down-regulation of genes in the KEGG NF kappa B Signaling Pathway
following LANTA and LEPA treatments in hypothalamic neurons.

SUPPLEMENTARY FIGURE S12
Down-regulation of genes in the KEGG NOD-like receptor Signaling Pathway
following LANTA, LEPA and PA treatments in hypothalamic neurons.

SUPPLEMENTARY FIGURE S13

qPCR validation of RNA-seq data for Mapk3, Stat3, and Stat2, including assay
IDs, amplicon lengths, and Pearson correlation coefficients (r) with

statistical significance.

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1518737
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1518737/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1518737/full#supplementary-material

Octon et al.

References

Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq--a python framework to work with
high-throughput sequencing data. Bioinformatics 31, 166-169. doi: 10.1093/
bioinformatics/btu638

Biernat, W,, Szczgsna, M., Kirsz, K., and Zieba, D. A. (2021). Seasonal and nutritional
fluctuations in the mRNA levels of the short form of the leptin receptor (LRa) in the
hypothalamus and anterior pituitary in resistin-treated sheep. Animals 11:2451. doi:
10.3390/ani11082451

Campolim, C. M., Weissmann, L., Ferreira, C. K. O., Zordéo, O. P,, Dornellas, A. P. S.,
de Castro, G., et al. (2020). Short-term exposure to air pollution (PM(2.5)) induces
hypothalamic inflammation, and long-term leads to leptin resistance and obesity via
Tlr4/Ikbke in mice. Sci. Rep. 10:10160. doi: 10.1038/541598-020-67040-3

Chen, S. M., Hsiao, C. W,, Chen, Y. J,, Hong, C. ], Lin, J. C,, Yang, C. P, et al. (2024).
Interleukin-4 inhibits the hypothalamic appetite control by modulating the insulin-AKT
and JAK-STAT signaling in leptin mutant mice. Environ. Toxicol. 39, 3980-3990. doi:
10.1002/tox.24264

Dalvi, P,, Loganathan, N., McIlwraith, E. K., Tran, A., and Belsham, D. D. (2021).
“Hypothalamic cell models” in Cellular endocrinology in health and disease. eds. A.
Ulloa-Aguirre and Y. X. Tao. 2nd ed (Boston, Massachusetts: Academic Press), 27-77.

Dalvi, P. S., Nazarians-Armavil, A., Tung, S., and Belsham, D. D. (2011). Immortalized
neurons for the study of hypothalamic function. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 300, R1030-R1052. doi: 10.1152/ajpregu.00649.2010

de Git, K. C., and Adan, R. A. (2015). Leptin resistance in diet-induced obesity: the role
of hypothalamic inflammation. Obes. Rev. 16, 207-224. doi: 10.1111/0br.12243

Dobin, A., Davis, C. A., Schlesinger, E,, Drenkow, J., Zaleski, C., Jha, S., et al. (2013).
Star: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21. doi: 10.1093/
bioinformatics/bts635

Dodt, M., Roehr, J. T., Ahmed, R., and Dieterich, C. (2012). FLEXBAR-flexible
barcode and adapter processing for next-generation sequencing platforms. Biology
(Basel) 1, 895-905. doi: 10.3390/biology1030895

Fang, X., Jiang, S., Wang, J., Bai, Y., Kim, C. S, Blake, D., et al. (2021). Chronic
unpredictable stress induces depression-related behaviors by suppressing AgRP neuron
activity. Mol. Psychiatry 26, 2299-2315. doi: 10.1038/s41380-020-01004-x

Ge, S. X, Son, E. W, and Yao, R. (2018). iDEP: an integrated web application for
differential expression and pathway analysis of RNA-Seq data. BMC Bioinformatics
19:534. doi: 10.1186/s12859-018-2486-6

Horiuchi, K., Tsuchio, K., Matsushima, G., Thon, M., Hosoi, T., and Ozawa, K.
(2021). The possible role of biochanin a in ameliorating endoplasmic reticulum
stress-induced leptin resistance. Neuroreport 32, 983-987. doi: 10.1097/
wnr.0000000000001674

Johnson, K. E., Aurubin, C. A., Jondle, C. N., Lange, P. T., and Tarakanova, V. L.
(2020). Interferon regulatory factor 7 attenuates chronic gammaherpesvirus infection.
J. Virol. 94, €01554-¢01520. doi: 10.1128/jvi.01554-20

Kamareddine, L., Ghantous, C. M., Allouch, S., Al-Ashmar, S. A., Anlar, G., Kannan, S.,
etal. (2021). Between inflammation and autophagy: the role of leptin-adiponectin axis
in cardiac remodeling. J. Inflamm. Res. 14, 5349-5365. doi: 10.2147/jir.s322231

Lee, E. Y, Lee, Z. H,, and Song, Y. W. (2009). CXCL10 and autoimmune diseases.
Autoimmun. Rev. 8, 379-383. doi: 10.1016/j.autrev.2008.12.002

Liu, J., Lai, E, Hou, Y., and Zheng, R. (2022). Leptin signaling and leptin resistance.
Med. Rev. 2, 363-384. doi: 10.1515/mr-2022-0017

Liu, T., Zhang, L., Joo, D., and Sun, S. C. (2017). NF-B signaling in inflammation.
Signal Transduct. Target. Ther. 2:17023. doi: 10.1038/sigtrans.2017.23

Love, M. L, Huber, W,, and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/
513059-014-0550-8

Frontiers in Molecular Neuroscience

14

10.3389/fnmol.2024.1518737

Mayer, C. M., and Belsham, D. D. (2010). Palmitate attenuates insulin signaling
and induces endoplasmic reticulum stress and apoptosis in hypothalamic neurons:
rescue of resistance and apoptosis through adenosine 5 monophosphate-
activated protein kinase activation. Endocrinology 151, 576-585. doi: 10.1210/
en.2009-1122

Park, K. B., Kim, E. Y., Chin, H., Yoon, D. J., and Jun, K. H. (2022). Leptin stimulates
migration and invasion and maintains cancer stem-like properties in gastric cancer cells.
Oncol. Rep. 48:162. doi: 10.3892/0r.2022.8377

Philp, L. K., Rockstroh, A., Sadowski, M. C., Taherian Fard, A., Lehman, M., Tevz, G.,
et al. (2021). Leptin antagonism inhibits prostate cancer xenograft growth and
progression. Endocr. Relat. Cancer 28, 353-375. doi: 10.1530/erc-20-0405

Shpilman, M., Niv-Spector, L., Katz, M., Varol, C., Solomon, G., Ayalon-Soffer, M.,
et al. (2011). Development and characterization of high affinity leptins and leptin
antagonists. J. Biol. Chem. 286, 4429-4442. doi: 10.1074/jbc.M110.196402

Souza-Almeida, G., D'Avila, H., Almeida, P. E.,, Luna-Gomes, T., Liechocki, S.,
Walzog, B., et al. (2018). Leptin mediates in vivo neutrophil migration: involvement of
tumor necrosis factor-alpha and CXCLI1. Front. Immunol. 9:111. doi: 10.3389/
fimmu.2018.00111

Szczesna, M., and Zieba, D. A. (2015). Phenomenon of leptin resistance in seasonal
animals: the failure of leptin action in the brain. Domest. Anim. Endocrinol. 52, 60-70.
doi: 10.1016/j.domaniend.2015.03.002

Szczesna, M., Zieba, D. A., Klocek-Gorka, B., Misztal, T., and Stepien, E. (2011).
Seasonal effects of central leptin infusion and prolactin treatment on pituitary SOCS-3
gene expression in ewes. J. Endocrinol. 208, 81-88. doi: 10.1677/joe-10-0282

Wang, X., Ge, A., Cheng, M., Guo, E, Zhao, M., Zhou, X,, et al. (2012). Increased
hypothalamic inflammation associated with the susceptibility to obesity in rats exposed
to high-fat diet. Exp. Diabetes Res. 2012:847246. doi: 10.1155/2012/847246

Williams, L. M. (2012). Hypothalamic dysfunction in obesity. Proc. Nutr. Soc. 71,
521-533. doi: 10.1017/5002966511200078x

Ye, L., Jia, G., Li, Y., Wang, Y., Chen, H.,, Yu, L., et al. (2021). C1q/TNF-related protein
4 restores leptin sensitivity by downregulating NF-xB signaling and microglial
activation. J. Neuroinflammation 18:159. doi: 10.1186/s12974-021-02167-2

Zhao, Y., Xu, D,, Jiang, Y., and Zhang, L. (2010). Dual functions of interferon
regulatory factors 7C in Epstein-Barr virus-mediated transformation of human B
lymphocytes. PLoS One 5:€9459. doi: 10.1371/journal.pone.0009459

Zhou, Y., and Rui, L. (2013). Leptin signaling and leptin resistance. Front. Med. 7,
207-222. doi: 10.1007/s11684-013-0263-5

Zieba, D. A., Biernat, W., Szczesna, M., Kirsz, K., Bar¢, J., and Misztal, T. (2020).
Changes in expression of the genes for the leptin signaling in hypothalamic-pituitary
selected areas and endocrine responses to long-term manipulation in body weight and
resistin in ewes. Int. J. Mol. Sci. 21:4238. doi: 10.3390/ijms21124238

Zieba, D. A., Biernat, W., Szczesna, M., Kirsz, K., and Misztal, T. (2019).
Hypothalamic-pituitary and adipose tissue responses to the effect of resistin in
sheep: the integration of leptin and resistin signaling involving a suppressor of
cytokine signaling 3 and the long form of the leptin receptor. Nutrients 11:2180.
doi: 10.3390/nu11092180

Zieba, D. A., Biernat, W., Szczesna, M., Kirsz, K., and Misztal, T. (2023). Seasonal and
nutritional changes in the short form of the leptin receptor expression and VEGF system
in the choroid plexus, arcuate nucleus, and anterior pituitary in MTS-leptin and resistin-
treated sheep. Front. Neurosci. 17:1291997. doi: 10.3389/fnins.2023.1291997

Zieba, D. A., Szczesna, M., Klocek-Gorka, B., Molik, E., Misztal, T., Williams, G. L.,
et al. (2008). Seasonal effects of central leptin infusion on secretion of melatonin and
prolactin and on SOCS-3 gene expression in ewes. J. Endocrinol. 198, 147-155. doi:
10.1677/joe-07-0602

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1518737
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.3390/ani11082451
https://doi.org/10.1038/s41598-020-67040-3
https://doi.org/10.1002/tox.24264
https://doi.org/10.1152/ajpregu.00649.2010
https://doi.org/10.1111/obr.12243
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.3390/biology1030895
https://doi.org/10.1038/s41380-020-01004-x
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1097/wnr.0000000000001674
https://doi.org/10.1097/wnr.0000000000001674
https://doi.org/10.1128/jvi.01554-20
https://doi.org/10.2147/jir.s322231
https://doi.org/10.1016/j.autrev.2008.12.002
https://doi.org/10.1515/mr-2022-0017
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1210/en.2009-1122
https://doi.org/10.1210/en.2009-1122
https://doi.org/10.3892/or.2022.8377
https://doi.org/10.1530/erc-20-0405
https://doi.org/10.1074/jbc.M110.196402
https://doi.org/10.3389/fimmu.2018.00111
https://doi.org/10.3389/fimmu.2018.00111
https://doi.org/10.1016/j.domaniend.2015.03.002
https://doi.org/10.1677/joe-10-0282
https://doi.org/10.1155/2012/847246
https://doi.org/10.1017/s002966511200078x
https://doi.org/10.1186/s12974-021-02167-2
https://doi.org/10.1371/journal.pone.0009459
https://doi.org/10.1007/s11684-013-0263-5
https://doi.org/10.3390/ijms21124238
https://doi.org/10.3390/nu11092180
https://doi.org/10.3389/fnins.2023.1291997
https://doi.org/10.1677/joe-07-0602

	Impact of modulating leptin sensitivity on the transcriptomic profile of adult-derived hypothalamic mouse neurons
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and treatments
	2.2 Cell viability assay
	2.3 Caspase-3/7 activity assay
	2.4 Calcium fluorescence assay
	2.5 3’ mRNA-Seq transcriptome analysis
	2.6 Sequencing data analysis
	2.7 Statistical analysis
	2.8 qPCR validation of the transcriptome data

	3 Results
	3.1 Assessment of cell viability
	3.2 Assessment of caspase-3/7 activity
	3.3 Calcium assay
	3.4 Sequencing data evaluation and general transcriptome profile differentiation
	3.5 Changes in the neural cell transcriptome following different treatments
	3.6 Effects of PA on the neural cell transcriptome
	3.7 Comparison of the effects of PA and LEPA treatments on gene expression in neural cells
	3.8 Effect of LEPA treatment on the neural cell transcriptome
	3.9 Effect of LANTA treatment on the neural cell transcriptome
	3.10 Comparison of the effects of LEPA and LANTA on gene expression
	3.11 qPCR validation results
	3.12 Differential expression of immune-related genes in response to modulated leptin signaling

	4 Discussion
	4.1 Limitations


	References

