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White adipose tissue undergoes 
pathological dysfunction in the TDP‑43A315T 
mouse model of amyotrophic lateral sclerosis 
(ALS)
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Raúl Domínguez‑Rubio4,5, Mónica Povedano4,5 and Carmen M. Fernandez‑Martos1,6* 

Abstract 

White adipose tissue (WAT) has a crucial role in maintaining systemic energy homeostasis. Numerous biological 
pathway studies have highlighted the importance of adipokines in regulating metabolic pathways and contributing 
to metabolic dysfunction in animal models and patients with ALS. Despite these associations, the specific molecular 
mechanisms remain poorly understood. Moreover, the direct contribution of WAT to the energy metabolism abnor‑
malities observed in ALS has yet to be clearly defined. The current study sought to identify perturbances in WAT, 
main source of leptin, during the clinical course of the disease in TDP-43A315T mice using histological, proteomic, 
and molecular biological techniques. We present the first evidence of a significant histological alteration in WAT prior 
to the symptomatic stage of the disease in TDP-43A315T mice, providing novel insights into pathological features ear‑
lier in the onset of symptoms, and showing WAT as a target organ for ALS. In human ALS cases, we found that circulat‑
ing leptin levels at the time of diagnosis were lower in the plasma of men with ALS who were overweight or obese 
and had rapidly progressive ALS, emphasizing the importance of considering sex-specific approaches when analysing 
adipokines essential for body weight control.
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Introduction
Amyotrophic lateral sclerosis (ALS) is the third most 
common neurodegenerative disease worldwide charac-
terized by the selective loss of motor neurons both in the 
brain and spinal cord [38], leading to paralysis and res-
piratory failure. ALS is often rapidly progressive, incur-
able, and fatal. Over 60% of patients die within 3–5 years 
after diagnosis [8]. Although much effort has been made 
in the past two decades to understand the complexity and 
heterogeneity of ALS, the development of effective thera-
pies remains elusive due to several challenges. One major 
obstacle is the limited understanding of the underlying 
mechanisms driving ALS disease.
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Identifying the mechanisms involved in maintain-
ing energy homeostasis in ALS can help to elucidate the 
growing evidence supporting a strong metabolic com-
ponent in ALS. Indeed, rapid weight loss is associated 
with worse disease outcomes in ALS [22], and fat mass 
loss correlates with faster disease progression [25]. Con-
versely, higher initial body mass index (BMI) and obe-
sity [21], type 2 diabetes mellitus [23], and patients with 
higher triglyceride and cholesterol levels [11] have been 
associated with longer survival in ALS, indicating fat 
content and lipid metabolism are important prognostic 
factors in ALS disease. However, despite these correla-
tions, the underlying mechanisms driving these meta-
bolic derangements remain unclear. Adipose tissue is 
an endocrine organ and constitute the major lipid store 
in mammals [24]. Two main types of anatomically and 
physiologically different adipose tissue are present in 
adults: WAT, which is mainly an energy store [29]; and 
the brown adipose tissue (BAT), with specialized func-
tions in heat production (thermogenesis) [26]. Moreover, 
as an endocrine organ, adipose tissue secretes a variety of 
soluble mediators, with a critical role in the physiologi-
cal regulation of the metabolism acting on the hypothala-
mus, a key integrative brain area that regulates neuronal 
and metabolic circuits involved in energy intake regula-
tion [17]. While dysfunctions in the hypothalamus have 
only recently been described [37], studies have shown 
this brain structure is atrophied in ALS [43], even in pre-
morbid stages, and correlates with BMI [18]. Altered eat-
ing behaviour have been reported in patients with ALS 
and frontotemporal dementia (FTD) [1]. Indeed, we and 
others demonstrated increased mRNA expression levels 
of agouti-related peptide (AgRP), while levels of its antag-
onist pro-opiomelanocortin (POMC) were decreased in 
the hypothalamus in TDP-43A315T mice [16] and mutant 
SOD1G86R mice [44], demonstrating of a hypothalamic 
involvement in ALS. Indeed, there are several adipokines 
involved in metabolism and regulation of food intake 
which act within the brain, specifically in the brainstem 
and hypothalamus, including, but not limited to, leptin, 
which is primarily produced by WAT in proportion to fat 
stores [35]. Nevertheless, although clinical evidence sug-
gests that the distribution and content of adipose tissue, 
and subsequently leptin levels, are significantly altered 
in ALS and have been correlated with functional status 
and survival in ALS [16, 33, 34], it is currently unclear 
whether metabolic changes in ALS are driven by the adi-
pose tissue dysfunction, or whether hypothalamic neu-
ronal dysfunction may contribute to disease processes in 
ALS.

Notably, metabolic changes are also observed in FTD, 
which exists on a continuous clinical spectrum with ALS 
[7]. Indeed, although the clinical manifestations of ALS 

and FTD differ [7], altered peripheral levels of leptin have 
been found in patients with FTD [2], while there is also 
limited information on the mechanism underlying the 
association between adiposity and brain metabolism. 
Furthermore, we have determined complex alterations 
in metabolic hormones, including leptin, in pathology-
rich regions of post-mortem human ALS and FTD tis-
sues [4], which is in agreement with our previous results 
in TDP-43A315T mice showing that alterations to TDP-43 
are linked to reduced circulating levels of leptin and the 
dysfunction of its signalling pathways at the central nerv-
ous system (CNS) [16]. These data are of interest because 
studies have suggested that higher leptin levels are criti-
cal for survival in ALS disease, as leptin levels have been 
found to be lower in sporadic ALS patients with rapidly 
progressing disease [34], which is in agreement with our 
previous studies in TDP-43A315T mice showing the poten-
tial benefit of leptin therapy against ALS [15]. Thus, it will 
be important to study the possible alterations occurring 
in WAT, which could perturb peripheral to CNS commu-
nication, leading to skeletal muscle degeneration in ALS.

Here we aimed to better understand whether the 
WAT plays a critical role in the pathophysiology of ALS, 
as most ALS patients have hypermetabolism [12] and 
weight loss [9] prior to the onset of motor symptoms. 
In this context, considering the potential remodelling of 
WAT and its important role in whole-body homeostasis, 
we comprehensively characterized changes in WAT at 
different stages of the disease (asymptomatic, onset and 
end-stage) in TDP-43A315T mice compared to gender and 
age-matched wild-type (WT) littermates, using histology, 
proteomics method, and molecular biology techniques. 
In addition, as epidemiological evidence suggests, altera-
tions in leptin levels are associated with changes in dis-
ease progression and survival in ALS. Plasma samples of 
patients with ALS were used to assess sex and BMI differ-
ences in leptin concentrations at the time of diagnoses, to 
determine if leptin may serve as prognostic biomarker in 
ALS. Exploring these links may help to better understand 
the mechanisms underlying the relationship between 
adiposity and disruption in leptin levels in ALS, because, 
although BMI is the most used measure of global adipos-
ity, it does not represent adiposity in terms of regional fat 
distribution, which differs between sexes, races and ages.

Materials and methods
Experimental animals
Two cohorts of sex and age-matched WT non-transgenic 
littermates (C57Bl/6) and TDP-43A315T mice [46] (n = 60/
genotype) were used in this study to conduct histol-
ogy (n = 30/genotype), proteomic and molecular biology 
techniques (n = 30/genotype). In both cases, the ALS-
like disease was divided into three stages (n = 5/stage): 
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asymptomatic, onset (defined as the last day of individ-
ual peak body weight before a gradual loss occurs) and 
the end-stage of disease (defined as when weight is 20% 
below the initial weight on three consecutive days), which 
is typically reached 2–4 weeks after symptom onset. To 
avoid the ambiguity associated with reported sex-related 
differences in mean survival time of this mouse model of 
ALS [20, 46], only male mice were used. Animals were 
euthanized independently on each stage of disease. Ani-
mals expressing the human TDP-43 (hTDP-43) transgene 
were confirmed via PCR according to the distributor’s 
protocol.

To monitor disease onset and progression, all mice 
were weighed and assessed three times per week until 
the disease onset-stage, after which they were checked 
daily in the morning until the disease end-stage. The 
maintenance and use of mice and all experimental pro-
cedures were approved by the Animal Ethics Committee 
of the Hospital Nacional de Parapléjicos, Toledo (Spain) 
(Approval No 26/OH 2018) in accordance with the Span-
ish Guidelines for the Care and Use of Animals for Scien-
tific Purposes. All analyses were conducted by personnel 
blinded to the animal genotype.

Perfusion and tissue collection
Animals were terminally anesthetized with sodium 
pentobarbitone (140  mg/kg, intraperitoneally) and 
transcardially perfused with 0.01  M PBS (pH 7.4). For 
immunohistochemistry, subcutaneous WAT (scWAT) 
and perigonadal WAT (pgWAT) were immediately dis-
sected, rinsed in cold phosphate buffered saline (PBS), 
postfixed 70% ethanol, and stored at 4ªC until paraffin 
embedding using an Automatic Tissue Processor (ATP 
1000, Histo-line, Italy), for further use. For molecular 
biology experiments, scWAT and pgWAT tissues of each 
animal were split into two fractions and processed inde-
pendently, for real time qPCR and Western blot analysis, 
or proteomics methods. Samples were immediately fro-
zen on dry ice and stored at − 80 °C for later analysis.

Immunohistochemistry (IHC)
Paraffin-embedded Sects.  (4  μm thick) of scWAT and 
pgWAT were deparaffinized in xylene and rehydrated 
through descending grades of ethanol (100%, 95%, 90%, 
80% and 70%) to water. Sections were stained with hema-
toxylin and eosin (H&E), dehydrated through ascending 
grades of ethanol (75%, 95%, and 100%), cleared in xylene 
and finally mounted in dibutyl phthalate xylene (DPX). 
For analysis, digital photomicrographs of the entire 
scWAT and pgWAT tissue Sects.  (20x; Leica CTR 6000, 
Leica, Mannheim, Germany) were used to quantify the 
histochemical staining in 10 random fields for each sam-
ple different regions to assess the regional heterogeneity 

in tissue samples. The regions were outlined using ImageJ 
software (Rasband, W.S., ImageJ, U. S. National Institutes 
of Health, Bethesda, Maryland, USA, https://​imagej.​net/​
ij/, 1997–2018). All slides were analysed using the same 
morphologic criteria for the quantification of crown-
like structures (CLSs), defined by the clustering of mac-
rophages (identified by each morphology) to surround 
a dying adipocyte, as a sign of adipose-tissue inflamma-
tion. This criterion was: presence of a ring of mononu-
clear cells surrounding an adipocyte vacuole. In addition, 
the number of blood vessels (BV) was also determined to 
assess vascularity as an index of angiogenesis.

Finally, by semiquantitative methods we determined 
inflammatory markers such as mononuclear infiltrate and 
fibrosis, and necrosis markers such as adipocyte normal 
membrane shape and tissue integrity. Semiquantitative 
scores were assigned by an observer based on predefined 
morphologic criteria: 1 (< 25%), 2 (25–50%), 3 (51–75%), 
and 4 (> 75%). Measure 10 fields at 10 × in simple scWAT 
and pgWAT tissues (n = 60). All analyses were conducted 
by personnel blinded to animal genotype.

Total protein preparation and mass spectrometry analysis
Sample preparation for library generation
Proteins were separated on precast gel, 4–20% Mini-
PROTEAN TGX (BioRad) and visualized by Coomas-
sie staining. The entire gel lane was manually cut into 8 
sections and subjected to in-gel tryptic digestion. The 
digestion was performed according to Schevchenko et al. 
[40] with minor modifications: gel slices were incubated 
with 10  mM dithiothreitol (DTT; Sigma Aldrich) in 
50  mM ammonium bicarbonate (99% purity; Scharlau) 
for 60  min at 37ºC and after reduction, alkylation with 
55  mM iodoacetamide (IAA; Sigma Aldrich) in 50  mM 
ammonium bicarbonate was carried out for 20 min at RT. 
Gel plugs were washed with 50  mM ammonium bicar-
bonate in 50% methanol (gradient, HPLC grade, Schar-
lau), rinsed in acetonitrile (ACN, gradient, HPLC grade, 
Scharlau) and dried in a Speedvac. Dry gel pieces were 
then embedded in sequencing grade modified porcine 
trypsin (Promega, Madison, WI, USA) at a final con-
centration of 12.5 ng/µL in 20 mM ammonium bicarbo-
nate. After digestion at 37 ºC overnight, peptides were 
extracted with 60% acetonitrile in 0.5% formic acid (FA, 
99.5% purity; Sigma Aldrich) and the samples were resus-
pended in 10µL [98% water with 2% formic acid and 2% 
ACN].

Sample preparation for SWATH analysis
Samples lysates were digested using Single-pot solid-
phase-enhanced sample preparation (SP3) according to 
the protocol of Hughes et  al. The lysates were reduced 
and alkylated using DTT and IAA, respectively. After 

https://imagej.net/ij/
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reduction and alkylation, 6 µL of the prepared bead 
mix was added to the lysate and made up to 30 µL using 
H2O. Afterward, EtOH was added to a final concentra-
tion of 70% (v / v) and the samples were left stirring at 
1000  rpm and room temperature for 20  min. Subse-
quently, the beads were immobilized by incubation on a 
magnetic rack for 2 min. The supernatant was recovered 
in a new vial, and the entire procedure was repeated. The 
pellet was rinsed with 80% (v / v) EtOH in water several 
times. The beads were resuspended in 300 µl of 100 mM 
NH4HCO3 supplemented with trypsin in an enzyme to 
protein ratio of 1:25 (w / w). After digestion overnight 
at 37  °C and 1000  rpm, the samples are centrifuged at 
20,000 g, the supernatant is collected and acidified using 
2% FA.

LCMSMS Analysis for library, DDA and SWATH
In order to build the spectral library, the peptides extract 
were analysed by a shotgun approach by nanoLC-MS/
MS. Samples were pooled and 3  µg was separated 
into a Ekspert™ nanoLC425 (Eksigent, Dublin, CA, 
USA) using a C18 column (ChromXPC18, 3  µm, 120  Å 
0.075 × 150 mm, Eksigent) at a flow rate of 300nL/min in 
combination with a precolumn (NanoLC Trap ChromXP 
C18, 3 µm 120 Å, Eksigent) at a flow rate of 5µL/min. The 
buffers being used were: A = 0.1%FA 2%ACN and B = 98% 
ACN in water with 0.1% FA. Peptide were desalted for 
3 min with 0.1%FA/2% ACN on the precolumn, followed 
by a separation for 85 min using gradient from 5 to 30% 
solvent B, 30–95% for 0.1 min, and finally 95%B for 5 min. 
Column was then regenerated with 5%B for 10 additional 
minutes. Peptides eluted were directly injected into a 
hybrid quadrupole-TOF mass spectrometer TripleTOF® 
6600 + (Sciex, Redwood City, CA, USA). Sample was 
ionized in a source type Optiflow < 1µL Nano applying 
3.0 kV to the spray emitter at 200ºC. Analysis was carried 
out in a data-dependent positive ion mode (DDA). Sur-
vey MS1 scans were acquired 350–1400 m/z for 250 ms. 
The TripleTOF was operated in SWATH mode, in which 
a 50  ms TOF MS scan from 350 to 1400  m/z was per-
formed, followed by 50  ms product ion scans from 100 
to 1500  m/z on the 70 variable windows from 350 to 

1400 Da (2.20 s/cycle). The individual SWATH injections 
were randomized.

Protein data analysis
Peptide and protein identifications were performed using 
ProteinPilot™ Software V 5.0 (Sciex) and the Paragon 
algorithm [41]. Each MS/MS spectrum was searched 
against the uniprot-proteome_MusMusculus_2021_04 
database, with the fixed modification of carbamido-
methyl—labelled cysteine parameter enabled. Other 
parameters such as the tryptic cleavage specificity, the 
precursor ion mass accuracy and the fragment ion mass 
accuracy, are TripleTOF® 6600plus built in functions of 
the ProteinPilot software. SWATH Acquisition Micro-
App v.2.0 was used for building a peptide spectral library 
containing the peptide identified in the database search 
with confidence score above 95%. SWATH Acquisi-
tion MicroApp was used for extracting the ion chroma-
togram traces from the SWATH raw files and using the 
previously generated spectral library, and the following 
parameters: 20 peptides/protein; 6 fragment ions/pep-
tide; extraction windows of 5  min and 25  ppm; peptide 
FDR of 1% and confidence score threshold of 95%. Nor-
malisation of the protein abundance signal as measured 
by SWATH was carried out using MarkerView (v1.2.1, 
Sciex).

RNA Isolation and qPCR analysis
Total RNA was isolated from WAT using the RNe-
asy Mini Kit (Qiagen), according to the manufacturer’s 
instructions. Complementary DNA (cDNA) (0.5  µg of 
total RNA) synthesis and the relative quantification of 
TDP-43, UCP-1, C/EBPβ and PPARγ were performed as 
described previously [14]. The 18S rRNA was used as a 
control to normalize gene expression [13]. The reactions 
were run on an CFX96 Real-Time System instrument 
and software (CFX Manager 3.0) (BioRad) according 
to the manufacturer’s protocol. Primers were designed 
using NCBI/Primer-BLAST software (Table  1). Relative 
quantification for each gene was performed by the ∆∆Ct 
method [28].

Table 1  List of RT-qPCR primers

Primers used for RT-qPCR analysis of the genes assessed here, including the gene symbol, primer sequence (forward and reverse sequence respectively) and GenBank 
accession number

Gene Forward primer Reverse primer Acc no

TDP-43 GGG​CGA​TGG​TGT​GAC​TGT​AA GCT​CGT​CTG​GGC​TTT​GCT​TA NM_145556

UCP-1 GGC​CTC​TAC​GAC​TCA​GTC​CA TAA​GCC​GGC​TGA​GAT​CTT​GT NM_009463

C/EBPβ GAC​AAG​CTG​AGC​GAC​GAG​T CGC​ACC​GCG​ATG​TTG​TTG​ NM_001287738

PPARγ AGA​GGT​GGC​CAT​CCG​AAT​TT ACG​GCT​TCT​ACG​GAT​CGA​AA NM_011146
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Protein extraction and western‑blot analysis
Proteins from WAT were extracted using RIPA buffer 
(Sigma Aldrich) containing a cocktail of protease inhib-
itors (Roche) as described previously [16]. Denatured 
protein samples (20  µg) from each group were elec-
trophoresed into Bolt® Bis–Tris Plus gels (Invitrogen), 
transferred to PVDF membranes (BioRad and incu-
bated with rabbit anti-TDP-43 (1:1000; Proteintech) 
overnight. Subsequently, anti-rabbit horseradish per-
oxidase (HRP)-conjugated secondary antibody (Vector 
Laboratories) was used as described previously (https://​
doi.​org/​10.​3390/​ijms2​21910​305). Mouse anti-actin 
(1:1000; Cell Signalling) was used as a loading control 
and band intensity was measured as the integrated 
intensity using ImageJ software (v1.4; NIH). All data 
were normalized to control values on each membrane.

Human plasma samples
All procedures performed in studies involving human 
samples (plasma) were in accordance with the.

Ethics Committee (783/23/98) of the University CEU-
San Pablo, Madrid, Spain. Human plasma samples were 
provided by the Biobank HUB-ICO-IDIBELL, inte-
grated in the ISCIII Biobanks and Biomodels Platform 
and they were processed following standard operating 
procedures with the appropriate approval of the Ethics 
and Scientific Committees.

Patients were eligible for inclusion if they had diagno-
sis of ALS based on Gold Coast criteria [39]. Controls 
were also provided by the Biobank HUB-ICO-IDIBELL. 
Samples were collected at the hospital using Lithium 
heparin collecting tubes at the time of diagnosis. Sam-
ples were centrifuged at 10,000 RPM for 10  min. The 
supernatant was collected and frozen at − 80 degrees 
Celsius.

ALS patients were classified by sex, BMI and survival. 
Patients were classified as nonobese (BMI, < 25) and 
obese (BMI, ≥ 25). BMI was calculated at the time of 
diagnosis. Patients were classified as slow progressors 
when survival was higher than 5 years, as normal pro-
gressors when survival was between 3 and 5 years, and 
as fast progressors when survival was less than 3 years. 
All the human samples included were of patients who 
were already deceased at the time of the study.

Measurement of plasma leptin by ELISA
ELISAs were performed as suggested by the manufactur-
er’s protocol. Leptin plasma levels were measured using 
a Human Leptin ELISA Kit PicoKine® (Boster Biological 
Technology) with samples diluted 1:20 for males and 1:10 
for females. Each patient’s samples were processed in 
duplicate. The limit of detection was 62.5 pg/mL, and the 
within-assay and between-assay coefficient of variability 
(CVs) were 7.8% and 6.5%, respectively.

Statistical analysis
Statistical analyses were performed using Graph-
Pad Prism software v10.2.0. Normality of datasets was 
assessed by Kolmogorov–Smirnov Test. Outliers were 
removed with ROUT method with Q = 1%. For IHC 
Mann–Whitney test was used. For molecular biol-
ogy analysis, two-way ANOVA was used followed by 
Dunett’s post hoc test to compare all groups with con-
trol WT asymptomatic mice, while Tukey’s post hoc test 
was used for multiple comparisons between all groups. 
To compare within the same group, t-test test was used. 
For ELISA, two-way ANOVA was used followed by Tuk-
ey’s post hoc test for multiple comparisons between all 
groups. Mann–Whitney test was used to compare within 
the same group. A Spearman correlation coefficient (rho) 
was employed to assess the correlation between quantita-
tive variables, with significance set at a p-value of ≤ 0.05 
(n = 78). This analysis was performed with SPSS Statis-
tics. Values were reported as means ± standard error of 
the mean (SEM). For all comparisons, significant results 
were taken when p value < 0.05.

Results
Histological examination of WAT reveals significant 
alterations in TDP‑43A315T mice
Given the limited understanding of how WAT is altered 
during the progression of ALS, we aimed to address this 
gap by performing a comprehensive histological char-
acterization of scWAT and pgWAT tissues across the 
three stages of the disease -asymptomatic (~ 42–45 days 
(d) of age), onset (~ 65–70 d of age) and end-stage 
(~ 95–100 ± 2 d of age)- in TDP-43A315T mice, compared 
to age-matched WT littermates, using H&E staining 
analysis. We first evaluated CLSs and the number of BV 
in histological sections (Figs.  1A–C, 2A–C and 3A–C), 

Fig. 1  Hematoxylin and eosin stained scWAT and pgWAT in asymptomatic stage of male TDP-43A315T mice. A Representative images of CLSs and BV 
(section bar = 100 µm). B Semi-quantitative analysis of CLSs and C BV. D Representative images of mononuclear infiltrated, fibrosis and necrosis 
markers. E Semi-quantitative analysis of mononuclear infiltrated, F fibrosis, G normal membranes shape of AD and H integrity of WAT. Abbreviations: 
scWAT, subcutaneous adipose tissue; pgWAT, perigonadal adipose tissue, CLS, crown-like structures; BV, blood vessels; AD, adipocyte; WAT, white 
adipose tissue

(See figure on next page.)

https://doi.org/10.3390/ijms221910305
https://doi.org/10.3390/ijms221910305


Page 6 of 18Benito‑Casado et al. Acta Neuropathologica Communications          (2025) 13:213 

Fig. 1  (See legend on previous page.)
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and IHC analysis demonstrated marked differences in 
the number of both parameters in scWAT and pgWAT, 
respectively, during the clinical course of the disease in 
TDP-43A315T mice compared with WT samples (Figs. 1B, 
C, 2B, C and 3B, C). Mann–Whitney test demonstrated 
a statistically significant increase in the number of CLSs 
and BV in both scWAT and pgWAT tissues during the 
asymptomatic stage in TDP-43A315T mice compared to 
WT mice (Fig.  1B and C, respectively). The decrease in 
BV suggests an alteration in the vascularity of the WAT 
of TDP-43A315T mice (Fig.  1C). However, Mann–Whit-
ney test revealed a statistically significant increase in the 
number of CLSs in both scWAT and pgWAT tissues at 
the onset and end-stage of the disease in TDP-43A315T 
mice (Figs. 2B and 3B, respectively). Additionally, a sta-
tistically significant decrease in the number of BV was 
observed in both scWAT and pgWAT tissues at both dis-
ease stages, compared to age-matched WT littermates 
(Figs. 2C and 3C).

To gain deeper histological insight into the pathologi-
cal modifications occurring in WAT during the progres-
sion of ALS, we further evaluated mononuclear infiltrate, 
fibrosis and necrosis in both scWAT and pgWAT tis-
sues at the three stages of the disease in TDP-43A315T 
mice vs. WT samples (Figs.  1D–H, 2D–H and 3D–H). 
IHC analysis demonstrated a statistically significant 
increase on inflammatory marker of mononuclear infil-
trate at the asymptomatic stage (Fig. 1E) and during the 
symptomatic and end-stage of the disease (Figs.  2E and 
3E, respectively) in TDP-43A315T mice compared to WT 
mice. Mann–Whitney test demonstrated a statistically 
significant increase on the fibrosis in both scWAT and 
pgWAT tissues TDP-43A315T mice compared to WT con-
trols at the three stages of the disease (Figs.  1F, 2F and 
3F). Regarding adipocyte shape and tissue integrity there 
was a significant decrease in both scWAT and pgWAT 
tissues in TDP-43A315T mice compared to WT mice at the 
three stages of the disease (Figs. 1G, H, 2G, H and 3G, H).

Proteomics analysis of WAT from TDP‑43A315T mice 
highlighted the presence of mitochondrial alterations prior 
to the onset of motor symptoms
To further elucidate the molecular alterations occurring 
in WAT of TDP-43A315T mice, we conducted a proteomic 
analysis of pgWAT. We focused our analysis on pgWAT, 

as in this type of WAT where fibrosis and inflammation 
are increasingly appreciated as a major player in adipose 
tissue dysfunction, and pgWAT had substantially higher 
pro-inflammatory characteristics than scWAT. In this 
context, using a significant threshold of p < 0.05, proteins 
having FC > 2 were determined as up-regulated, whereas 
the ones with FC < 0.5 were down-regulated.

Focusing on the asymptomatic stage of the disease, 
a total of 1528 proteins were detected as proteins dif-
ferentially expressed (DEPs) in TDP-43A315T mice com-
pared to age-matched WT littermates. Of these DEPs, 38 
showed to be upregulated, 24 downregulated, and 1466 
showed no statistically significant differences (Fig.  4A). 
Enrichment and ontology analyses were performed in 
Metascape, considering upregulated and downregulated 
DEPs. Enriched ontology cluster network showed sig-
nificant enrichment of terms mainly related to two cat-
egories: carbon metabolism and monocarboxylic acid 
metabolic process (Fig. 4B). MCODE clustering analysis 
recognized 4 different clusters in the protein–protein 
interaction (PPI) network (Fig. 4C–D; Table 2). MCODE1 
represented ontology terms related to mitochondrial 
fatty acid beta-oxidation and respiratory electron trans-
port. MCODE2 represented ontology terms related with 
mitochondrial oxidoreductases and ligase and MCODE4 
with oxidoreductase and transferases. Though, MCODE3 
represents ontology terms related with heme-degrada-
tion, scavenging of heme from plasma and lipid-trans-
port. Cellular enrichment analysis showed DEPs grouped 
together in mitochondria, peroxisome and cytosol 
(Fig. 4E).

Furthermore, focusing on the end-stage of the disease, 
121 DEPs were identified from a total of 1569 proteins 
in TDP-43A315T mice compared to age-matched WT lit-
termates. Among these DEPs, 75 showed to be upregu-
lated, 46 downregulated and 1448 showed no statistically 
significant differences (Fig. 5A). Upregulated and down-
regulated DEPs were considered for the enrichment and 
ontology analyses performed in Metascape. Enriched 
ontology cluster network showed significant enrich-
ment of terms mainly related to three categories: cellu-
lar catabolic process, terpenoid metabolic process and 
metabolism of xenobiotics by cytochrome p450 (Fig. 5B). 
MCODE clustering analysis recognized 2 different clus-
ters in the PPI network (Fig. 5C, D; Table 2). MCODE1 

(See figure on next page.)
Fig. 2  Hematoxylin and eosin stained scWAT and pgWAT in onset stage of TDP-43A315T mice. A Representative images of CLSs and BV (section 
bar = 100 µm). B Semi-quantitative analysis of CLSs and C BV. D Representative images of mononuclear infiltrated, fibrosis and necrosis markers. E 
Semi-quantitative analysis of mononuclear infiltrated, F fibrosis, G normal membranes shape of AD and H integrity of WAT. Abbreviations: scWAT, 
subcutaneous adipose tissue; pgWAT, perigonadal adipose tissue, CLS, crown-like structures; BV, blood vessels; AD, adipocyte; WAT, white adipose 
tissue
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represented ontology terms related to lyases, transferases, 
oxidoreductases, proteins transport, ribonucleoproteins 
and RNA and DNA binding. MCODE2 represented 
ontology terms related to transferases, monooxygenases 
and oxidoreductase. Cellular enrichment analysis showed 
DEPs grouped together in cytoplasm, endoplasmic retic-
ulum and mitochondrion, among others (Fig. 5E).

Table 2 reports the list of MCODE cluster recognized 
by the integrated Metascape analysis of proteomic data 
showed in Figs. 4C, D and 5C, D. For each cluster, the top 
3 enriched terms are reported, relatively to the lowest 
p-value.

WAT of TDP‑43.A315T mice display altered PPARγ mRNA 
expression levels concomitantly with an increase 
on the protein levels of TDP‑43
Proteomic analysis highlighted several alterations in 
pgWAT at the asymptomatic stage in TDP-43A315T mice, 
highlighting the presence of mitochondrial alterations, 
which could potentially impact both cellular differentia-
tion and metabolism. Thus, to better characterize such 
defects we performed RT-qPCR in the pgWAT of TDP-
43A315T mice over the time course of the disease. RT-
qPCR analysis demonstrated no statistically significant 
differences in the mRNA expression levels of C/EBPβ and 
PPARγ between TDP-43A315T and WT mice at either of 
the time-points analysed (Fig.  6A, B). In addition, RT-
qPCR analysis detected no Ucp1 mRNA in the pgWAT. 
We then sought to better characterize the patterns of 
TDP-43 transgene expression in pgWAT of TDP-43A315T 
mice compared to age-matched WT littermates. In con-
cordance with the pathological modifications occurring 
in pgWAT prior to the onset of motor symptoms in TDP-
43A315T mice, endogenous TDP-43 mRNA levels (mTDP-
43) were significantly upregulated in TDP-43A315T mice 
compared to WT mice during the asymptomatic stage 
(p = 0.005; Fig.  6C), while no statistically significant dif-
ferences were found between TDP-43A315T and WT mice 
at both onset and end-stage. Interestingly, western blot 
analysis showed that TDP-43 protein levels in pgWAT, 
probed with a polyclonal antibody that recognizes both 
human and mouse TDP-43, were increased in TDP-
43A315T mice compared to WT mice at either of the time-
points analysed (Fig. 6D–F; Suppl. Figure 1).

Distinct plasma leptin profile in obese men ALS cases 
with rapidly progressive disease
It is unclear whether changes in WAT precede the first 
signs of ALS, and whether these alterations are mani-
fested systemically through fluctuations in plasma leptin 
levels, which are known to be influenced by sex and age. 
Thus, to better understand the mechanisms regulating 
WAT disruption and the sexual dimorphism, circulat-
ing leptin levels were measured in ALS patients. In total, 
we measured leptin levels in plasma samples of 62 ALS 
patients and 16 age-matched controls, with 37 men and 
41 women of a wide age (30—87  yr) and BMI (19.06–
33.90 kg/m2) range. No statistically significant difference 
between patients and control groups was found regard-
ing age (p = 0.5749) nor BMI (p = 0.6940) (Table 3).

ELISA analysis showed that leptin levels in plasma 
are increased in ALS patients compared to controls, 
though it is not significant (Fig.  7A). Sorting data by 
sex, leptin levels were significantly increased in plasma 
of men ALS patients compared to men controls, as well 
as in women ALS patients when compared to men ALS 
patients (Fig.  7B, p = 0.009 and p < 0.001, respectively), 
while no statistically significant differences were found 
in women ALS patients compared to women controls. 
However, when stratifying patients by sex and survival 
rate, it is observed that plasmatic leptin levels increased 
significantly in women ALS patients that have had a 
normal disease progression when compared to men 
ALS patients with fast disease progression (Fig.  7C, 
p  = 0.040). Furthermore, leptin levels are significantly 
increased in women ALS patients with fast progres-
sion when compared with men ALS with fast progres-
sion (Fig.  7C, p < 0.001). Interestingly, when stratifying 
patients by sex, survival rate and BMI, for overweight 
ALS patients, the increase in plasma leptin levels was sig-
nificant in women ALS patients with normal disease pro-
gression when compared to men ALS patients with fast 
disease progression (Fig. 7D, p = 0.006) and to men ALS 
patients with normal progression (Fig. 7D, p = 0.013). In 
addition, plasma leptin levels of women ALS patients 
with fast disease progression are significantly increased 
when compared to men ALS with fast disease progres-
sion (Fig.  7D, p = 0.011). For overweight women ALS 
patients, levels decreased in both slow and fast progres-
sion when compared to levels in women ALS patients 

Fig. 3  Hematoxylin and eosin stained scWAT and pgWAT in end-stage of TDPA315T mice. A Representative images of CLS and BV (section 
bar = 100 µm). B Semi-quantitative analysis of CLS and C BV. D Representative images of mononuclear infiltrated, fibrosis and necrosis markers. E 
Semi-quantitative analysis of mononuclear infiltrated, F fibrosis, G normal membranes shape of AD and H integrity of WAT. Abbreviations: scWAT, 
subcutaneous adipose tissue; pgWAT, perigonadal adipose tissue, CLS, crown-like structures; BV, blood vessels; AD, adipocyte; WAT, white adipose 
tissue

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  Proteomic analysis of WAT at asymptomatic stage in TDP-43A315T mice. A Volcano plot. Each point represents an individual protein. B 
Enrichment map of representative enriched ontology terms. C PPI network colored by MCODE clusters colored by Metascape. D PPI network 
of the separated MCODE clusters from panel C. E Cellular component enrichment of DEPs generated with Gene Ontology Software. Abbreviations: 
WAT, white adipose tissue; PPI, protein–protein interaction; DEPs, proteins differentially expressed



Page 12 of 18Benito‑Casado et al. Acta Neuropathologica Communications          (2025) 13:213 

with normal progression, although not significance was 
reached (Fig. 7D).

Furthermore, bivariate correlations performed are 
showed in Table 4 and both sex and BMI exhibit a mono-
tonic relationship with leptin levels (p < 0.001, r = 0.510 
and p < 0.001, r = 0.434, respectively). The correlation of 
leptin plasma levels with survival rate, as well as the cor-
relation between the qualitative variables, were also eval-
uated, but no significant differences were found.

Discussion
Although metabolic dysfunctions of the CNS in ALS have 
been widely studied [37], metabolic alterations observed 
in ALS patients and animal models have not been well 
investigated in peripheral organs such as WAT, which 
play a key role in the endocrine control of energy home-
ostasis. The current study aimed to better understand 
whether the WAT plays a critical role in the pathophysi-
ology of ALS, which is of interest as determining how 
restoring adipose tissue plasticity may contribute sig-
nificantly to mitigate the hypermetabolism observed in 
patients with ALS. In this context, we identify for the first 
time evidence of a pathological dysfunction in WAT prior 
to the symptomatic stage of the disease in TDP-43A315T 
mice, providing novel insights about the pathways that 
could link dysregulating systemic energy homeostasis to 
the progression of ALS. Additionally, an important find-
ing of our study was that circulating leptin levels at the 
time of diagnosis were lower in the plasma of overweight 
and obese men with ALS who exhibited rapid disease 
progression, emphasizing the importance of considering 

sex-specific approaches in the development of effective 
clinical therapies.

Here, we report a significant pathological dysfunction 
of WAT prior to the symptomatic stage of the disease in 
TDP-43A315T mice. We observed a significant increase in 
the number of CLSs in both scWAT and pgWAT adipose 
tissues, along with a decrease in BV density, suggesting 
impaired vascularity in WAT prior to the onset of motor 
symptoms in TDP-43A315T mice. Our results also confirm 
stage-dependent alterations in inflammatory markers of 
mononuclear infiltrates. These findings are relevant, as 
inflamed adipocytes secrete proinflammatory cytokines 
such as tumor necrosis factor-alpha (TNFα), which dis-
rupt adipose tissue function and limit its expandabil-
ity. Consistent with previous work in rNLS8 mice [45], 
we found that the beneficial effects of short-term high-
fat diet (HFD) therapy in ALS models may not be solely 
due to weight gain, but rather depend on the capacity 
of WAT to undergo healthy expansion [36]. Impaired 
WAT remodeling leads to altered lipid storage and met-
abolic dysfunction, including dysregulated adipokine 
production [31]. This supports our earlier findings of 
significantly reduced peripheral leptin levels from the 
pre-onset stage in TDP-43A315T mice [16], potentially 
affecting energy intake regulation. Proteomic analysis of 
WAT in TDP-43A315T mice revealed significant altera-
tions, including mitochondrial dysfunction, which can 
alter the cellular homeostasis of WAT and the adipocytes 
[6], and increased TDP-43 protein levels across disease 
stages compared to WT littermates. These findings are 
consistent with previous reports that TDP-43 regulates 

Table 2  MCODE clustering details in asymptomatic and end-stage

Network Term ID Term Description p-value (-Log10)

Asymptomatic MCODE_1 GO:0006635 Fatty acid beta-oxidation − 12.9

MCODE_1 GO:0019395 Fatty acid oxidation − 12.0

MCODE_1 GO:0009062 Fatty acid catabolic process − 11.9

MCODE_2 Mmu00020 Citrate cycle (TCA cyle)—Mus musculus (house mouse) − 11.4

MCODE_2 Mmu01210 2-Oxocarboxylyc acid metabolism—Mus musculus (house mouse) − 11.3

MCODE_2 GO:0006099 Tricarboxylyc acid cycle − 11.3

MCODE_3 WP63 Pentose phosphate pathway − 10.7

MCODE_3 GO:0006098 Pentose-phosphate shunt − 9.6

MCODE_3 R-MMU-71336 Pentose phosphate pathway − 9.5

MCODE_4 R-MMU-2173782 Binding and Uptake of Ligands by Scavenger Receptors − 8.4

MCODE_4 R-MMU-5653656 Vesicle-mediated transport − 4.7

End-stage MCODE_1 GO:0048255 mRNA stabilization − 5.6

MCODE_1 GO:0043489 RNA stabilization − 5.4

MCODE_1 GO:1,902,373 Negative regulation of mRNA catabolic process − 5.4

MCODE_2 Mmu00982 Drug metabolism—cytochrome P450—Mus musculus (house mouse) − 14.9

MCODE_2 Mmu00980 Metabolism of xenobiotics by cytochrome p450—Mus musculus (house model) − 14.8

MCODE_2 Mmu05204 Chemical carcinogenesis—DNA adducts—Mus musculus (house mouse) − 14.3
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Fig. 5  Proteomic analysis of WAT at end-stage in TDP-43A315T mice. A Volcano plot. Each point represents an individual protein. B Enrichment 
map of representative enriched ontology terms. C PPI network colored by MCODE clusters colored by Metascape. D PPI network of the separated 
MCODE clusters from panel C. E Cellular component enrichment of DEPs generated with Gene Ontology Software. Abbreviations: WAT, white 
adipose tissue; PPI, protein–protein interaction; DEPs, proteins differentially expressed
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body fat composition [42] and may impair leptin signal-
ling through transcriptional regulation [10]. Our data 
also confirm alterations in leptin signalling in the spinal 
cord and hypothalamus of TDP-43A315T mice [16], in 

agreement with recent findings in postmortem ALS brain 
tissue [4].

In patients, altered adipose tissue distribution cor-
relates with functional status and survival [27], and sex 
differences in endocrine dysfunction have been reported 
[19]. Our ELISA analysis showed that leptin levels were 
significantly increased in the plasma of men, but not 
women, with ALS at diagnosis, compared to controls. 
However, when stratified by disease progression, leptin 
levels were significantly lower in overweight men with 
fast-progressing ALS compared to women. These find-
ings suggest that women may be more protected against 
ALS, potentially due to hormonal or adipose tissue-
related mechanisms.

Although our findings suggest a link between WAT 
dysfunction and ALS progression, the precise molecu-
lar mechanisms remain to be fully elucidated. It is pos-
sible that increased TDP-43 levels in WAT impair leptin 
production and release, contributing to central meta-
bolic dysregulation. However, further experiments are 
needed to confirm this hypothesis. Sex-related differ-
ences in leptin levels and WAT pathology may reflect a 

Fig. 6  Alterations in C/EBPβ, PPARγ and TDP-43 in WAT of TDP-43A315T mice. A C/EBPβ B PPARγ and C TDP-43 mRNA expression. Transcripts were 
assessed by RT-qPCR in TDP-43A315T mice compared to age-matched WT littermates at asymptomatic, onset and end-stage of disease. Values are 
expressed as the mean ± SEM for the different groups. TDP-43 protein in WAT extracts of TDP-43A315T mice compared to age-matched WT littermates 
at asymptomatic D, onset E and end-stage of disease F. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: C/EBPβ, CCAAT Enhancer 
Binding Protein Beta; PPARγ, Peroxisome proliferator-activated receptor gamma; TDP-43, TAR DNA-binding protein 43; WAT, white adipose tissue; WT, 
wild-type

Table 3  Characteristics of ALS patients and controls

ALS CONTROL

Number of patients 65 16

Age (mean ± SD) (years) 64.27 ± 11.44 65.85 ± 10.93

Sex ratio (male:female) 31:34 7:9

BMI (kg/m2) 25.99 ± 3.42 25.51 ± 3.75

Disease duration (months) 39.36 ± 18.62 NA

Survival rate slope 1.65 ± 1.04 NA

ALS subtype

Bulbar 26 NA

Espinal 36 NA

PMA 3 NA

EVOLUTION FORM

Slow evolution (DPR < 0.8) 8 NA

Normal evolution (0.8 < DPR < 1.35) 23 NA

Fast evolution (DPR > 1.35) 34 NA
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neuroprotective role of female hormones, such as estro-
gen, particularly in premenopausal women [30]. Alter-
natively, WAT dysfunction may be less severe in women 
with ALS. Our unpublished data support this possibil-
ity, showing delayed pathological changes in WAT of 

female TDP-43A315T mice compared to males, consistent 
with findings in SOD1G93A mice [34]. These observations 
highlight WAT as a potential target organ and leptin as 
a candidate prognostic or diagnostic biomarker in ALS. 
However, it is important to note that our analysis of 
plasma leptin levels is cross-sectional, and longitudinal 
data are currently lacking.

In conclusion, we demonstrate an impairment of WAT 
during the manifestation of ALS phenotype, which 
undergoes significant alterations that could potentially 
impact on the normal physiology of the adipocytes. We 
showed a significant increase in the number of CLSs, a 
characteristic histopathology feature of inflamed WAT 
[32], an alteration in its vascularity, which promotes adi-
pocyte dysfunction and induces oxidative stress, hypoxia 
and inflammation [3], a stage-dependent alteration on 
inflammatory marker of mononuclear infiltrate, and sig-
nificant changes in the proteomic profile, highlighting 

Fig. 7  Analysis of plasma leptin levels in ALS patients. A Concentration of leptin levels at diagnosis measured by ELISA in healthy controls 
and ALS subgrouped by sex. B Concentration of leptin levels at diagnosis in ALS and controls subgrouped by sex and disease progression: slow, 
normal and fast progression patients. C Concentration of leptin levels at diagnosis in ALS and controls subgrouped by sex and rate of progression 
in overweight patients. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: ALS, sporadic amyotrophic lateral sclerosis

Table 4  Spearman correlations

Leptin BMI Sex Survival rate 
slope

Leptin r
p

0.488
 < 0.001

0. 488
 < 0.001

0.001
0.993

BMI r
p

0.488
 < 0.001

− 0.027
0.830

− 0.063
0.616

Sex r
p

0. 488
 < 0.001

-− 0.027
0.830

0.005
0.972

Survival rate 
slope

r
p

0.001
0.993

− 0.063
0.616

0.005
0.972
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mitochondrial alterations, which could significantly dis-
rupt leptin levels [5], during the clinical course of disease 
in TDP-43A315T mice. These findings suggest that WAT 
dysfunction may contribute to systemic metabolic imbal-
ance and influence disease progression in ALS.

While these observations provide new insights into the 
peripheral metabolic disturbances associated with ALS in 
TDP-43A315T mice, some interpretations remain specula-
tive. For instance, it is possible that the observed WAT 
alterations reflect developmental defects or secondary 
responses to neurodegeneration. However, caution is 
warranted when extrapolating findings from the TDP-
43A315T mouse model to clinical settings, as the transla-
tional relevance may be limited. Further research in ALS 
patients is essential to clarify the role of WAT and to bet-
ter understand the contribution of leptin dysregulation to 
the metabolic dysfunction associated with pathological 
TDP-43. Future experimental studies are needed to eluci-
date the mechanistic links between TDP-43-induced lep-
tin alterations and their impact on functional outcomes 
and disease-associated molecular phenotypes.
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