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Background: Little is known regarding the expression patterns of adipose tissue
proteins in the context of vitamin D deficiency and whether these expression
patterns have adverse effects on fat-related diseases.

Methods: This study compares vitamin D receptor-knockout (VDRKO) and wild-
type (WT) mice to determine whether the VDRKO affects the adipose tissue
landscape. High-throughput proteomic technology and parallel reaction moni-
toring-based targeted proteomics were utilized to determine and verify protein
level changes.

Results: Integrated proteomic and succinylomic analyses revealed that VDR dele-
tion profoundly reprograms the adipose tissue molecular landscape. We identified
572 differentially expressed proteins and 313 differentially succinylated proteins.
In VDRKO mice, protein levels involved in biological regulation, metabolic pro-
cesses, ribosome, and endoplasmic reticulum protein processing pathways were
upregulated. Conversely, proteins serving as negative regulators were enriched
in pathways such as complement and coagulation cascades and protein diges-
tion and absorption. Notably, ribosomal proteins (e.g., pancreatic alpha-amy-
lase: Amy2 and proliferation-associated protein 2G4:Pa2g4) were significantly
upregulated, while collagen proteins (e.g., Col24al, Col6a4) were identified as
key downregulated regulators in the protein digestion and absorption pathway.
Succinylome analysis further indicated extensive succinylation modifications on
proteins associated with energy metabolism pathways, including alanine, aspar-
tate and glutamate metabolism, and arginine biosynthesis. These modifications
were prominent not only in mitochondria but also in the cytoplasm, suggesting
a broad regulatory role for succinylation beyond mitochondrial metabolism in
the VDR-deficient state.

Conclusion: This integrated multi-omics study provides the first comprehensive
proteomic and succinylomic profile of VDRKO adipose tissue, revealing succinyl-
ation as a novel regulatory layer in energy metabolism. Our findings advance the
understanding of vitamin D signaling in adipose biology and highlight potential
therapeutic targets for metabolic disorders.
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GRAPHICAL ABSTRACT

1 Background

Vitamin D deficiency is a global health concern, closely associated
with obesity and metabolic syndromes such as type 2 diabetes (1-3).
The vitamin D receptor (VDR), a nuclear transcription factor abun-
dantly expressed in adipose tissue, mediates both the classical genomic
actions of vitamin D on calcium homeostasis and its non-classical
effects on metabolic regulation (4-7). Evidence from VDR knockout
(VDRKO) mouse models demonstrates that VDR signaling directly
influences adipose biology, as these animals display markedly reduced
adiposity and dysregulated glucose metabolism (8-10). Despite these
phenotypic observations, the specific molecular mechanisms whereby
VDR orchestrates adipose tissue proteome remodeling to control
metabolic homeostasis remain poorly defined (11, 12).

Adipose tissue functions as an active endocrine organ that coor-
dinates systemic metabolism through secreted factors and dynamic
cellular responses (13, 14). Post-translational modifications (PTMs)
provide a critical regulatory layer for rapid fine-tuning protein activity
in response to metabolic cues (15-17). Lysine succinylation has
recently emerged as a key metabolite-sensitive PTM that directly cou-
ples cellular succinyl-CoA availability—a central TCA cycle interme-
diate—to functional modulation of metabolic enzymes and signaling
pathways (18). The succinylome is now recognized as an important
contributor to metabolic reprogramming across tissues, including adi-
pose, yet its regulation in this context remains largely unexplored (19).

Two fundamental research gaps are evident: First, a comprehen-
sive mapping of VDR-dependent alterations in the adipose tissue
proteome is currently lacking. Second, the potential role of VDR in
directing protein succinylation—a sensitive gauge of metabolic

Abbreviations: VDRKO, Vitamin D receptor knockout; WT, Wild-type; UCP1,
Uncoupling protein 1; PTM, Posttranslational modification; DEPs, Differentially
expressed proteins; GC, Gastric carcinoma; CPT1A, Carnitine palmitoyl transferase
1A; LDHA, Lactate dehydrogenase A; TMT, Tandem mass tag; HPLC, High-
performance liquid chromatography; GO, Gene Ontology; CC, Cellular compo-
nent; MF, Molecular function; BP, Biological process; KEGG, Kyoto Encyclopedia
of Genes and Genomes; GSEA, Gene set enrichment analysis; PRM, Parallel reaction

monitoring; PCA, Principal component analyses.
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flux—within adipose tissue remains completely unknown. We
hypothesize that VDR ablation drives extensive reprogramming of
both the proteome and succinylome in adipose tissue, resulting in
metabolic pathway alterations that underlie the observed pheno-
typic changes in VDRKO mice (20-23).

To address these questions, we leveraged the VDRKO mouse
model to investigate cell-autonomous functions of VDR in adipose
tissue under vitamin D-deficient conditions. Through integrated pro-
teomic and succinylomic profiling, we systematically mapped VDR-
dependent changes in protein expression and succinylation patterns.
Our findings establish a novel mechanistic framework for understand-
ing how vitamin D signaling coordinates transcriptional and post-
translational regulatory networks to shape adipose metabolism,
revealing potential therapeutic strategies for adipose-related metabolic
diseases.

2 Materials and methods

2.1 Animals

Six aged 8-10 weeks (weight: 32-34 g) male mice, were obtained
from science and technology innovation center of Shengjing Hospital
of China Medical University (Shenyang, China) and randomly divided
into two groups (3 mice/group): the WT and VDRKO group. This
animal experiment was conducted by the China Medical University
Committee on the Care and Use of Animals (approval number:
2017PS267K). And confirming that all experiments were performed
in accordance with relevant guidelines and regulations. The specific
pathogen-free (SPF) WT and VDRKO mice were generated via the
breeding of heterozygous mice housed in science and technology
innovation center of Shengjing Hospital of China Medical University
(on a C57BL/6 background) previously described (24). Wild-type lit-
termates were used as controls in the experiments. All mice were fed
a standard rodent chow diet with detailed nutritional composition
(as-fed basis, 90% dry matter): crude protein 198.3 g/kg, crude fat
59 g/kg, crude fiber 42 g/kg, crude ash 63 g/kg, calcium 10.3 g/kg,
total phosphorus 8.4 g/kg, potassium 8.6 g/kg, sodium 2.0 g/kg, and
vitamin D 4.99 x 10° IU/kg and tap water were provided and
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maintained at a temperature of 22-25 °C under 12-h light/12-h dark
cycle (lights turned on at 6:00 a.m.) daily. Humidity is controlled at
50% + 10%. Standard environmental enrichment—nestlets and a
transparent plastic shelter—was provided in every cage and changed
weekly. Genotyping procedures were carried out by PCR using mouse
tail genomic DNA*""". Mice were anesthetized by isoflurane, and the
adipose tissues were harvested and snap-frozen for proteomics and
succinylome analysis. Specifically, we first anesthetize the mice with
isoflurane at a concentration of 2-3% and a flow rate of 0.2-0.3 L/min
and then collect blood samples for storage. Afterward, while the mice
are still under anesthesia, we perform euthanasia by exsanguination
through the abdominal aorta until they meet the criteria for humane
euthanasia, after which we collect samples of abdominal white adipose
tissues. And all efforts were made to ensure the animals’ well-being
throughout the study. We included only male mice to minimize bio-
logical variability arising from oestrous-cycle-dependent fluctuations
in sex hormones, which are known to modulate adipose-tissue metab-
olism and mitochondrial function. This design increases internal
validity in our exploratory mechanistic study, but precludes inference
of sex-specific effects; future studies must therefore incorporate both
sexes to establish generalizability.

3 Experimental procedures
3.1 Protein extraction and trypsin digestion

The adipose tissue sample was pulverized into cell powder using
liquid nitrogen and then transferred to a 5-mL tube. A high-intensity
ultrasonic processor was used to sonicate the cell powder three times
on ice after it had been treated with 4 mL of lysis buffer. Centrifugation
at 12,000 g for 10 min at 4 °C was used to remove the tissue debris.
Following the manufacturer’s instructions, the supernatant was col-
lected, and BCA assay was used to test the protein content. For diges-
tion, 5 mM dithiothreitol was added for 60 min at 37 °C for reduction
and 11 mM jodoacetamide was added for 45 and then alkylated at
23 £ 2 °C in the dark. Then added 100 mM TEAB to dilute protein
sample, and the urea concentration was less than 2 M. Finally, the
trypsin-to-protein mass ratio was 1:50 for the first digestion which
was performed overnight, followed by a 1:100 trypsin-to-protein mass
ratio for the second 4-h digestion.

3.2 Tandem mass tag labeling

Firstly, tryptic peptides were dissolved in 0.5 M TEAB. Each chan-
nel of peptides was labeled with their respective tandem mass tag
(TMT) reagent (this process based on manufacturer’s protocol,
Thermo Scientific) and then incubated for 2 h at room temperature.
Quality control (QC): After TMT labeling, an aliquot of each multi-
plex was pooled to create a “bridge” channel that was injected every
five LC-MS/MS runs. This bridge was used to monitor median peptide
ion intensity, missed-cleavage rate and retention-time drift; runs were
repeated whenever the bridge intensity dropped >15% or retention-
time drift exceeded 0.5 min. Secondly, samples were quenched by
adding 5% hydroxylamine. The pooled samples were then desalted
with Strata X C18 SPE column (Phenomenex) and dried by vacuum
centrifugation. Technical replicates: Each biological sample was tryp-
sin-digested and labeled in duplicate with two different TMT-10-plex
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channels. Both technical replicates were measured in the same
LC-MS/MS session; the reporter-ion intensities of the two channels
were averaged before downstream analysis. Batch normalization:
Samples were randomized across two TMT 10-plex sets. After acquisi-
tion, reporter-ion intensities were first log2-transformed and then
median-center normalized within each TMT set. The effectiveness of
correction was verified by inspecting the first two principal compo-
nents before and after ComBat; no residual clustering by batch was
observed. For TMT of proteins/post-translational modifications
(PTMs), we first required: a minimum of two unique peptides per
protein (or one unique modified peptide per PTM site); a valid TMT
intensity in >2/3 of biological replicates in at least one group.
Statistical significance was assessed by two-sided Student’s ¢-test (or
Welch t-test when variances were unequal) with Benjamini-Hochberg
correction. We used an adjusted p-value (g-value) <0.05 as the sole
significance threshold. Proteins/PTMs with g < 0.05 were considered
statistically differentially abundant, regardless of their fold change.

3.3 Succinylation modification enrichment
and LC-MS/MS analysis

Tryptic peptides dissolved in NETN buffer (with 100 mM NaCl,
1 mM EDTA, 50 mM Tris-HCI, 0.5% NP-40, pH 8.0) were incubated
with pre-cleaning antibody beads (PTM-402, PTM Biolabs). In short,
the beads were then washed with buffer and H,0. Bound peptides
were eluted from the beads in 0.1% trifluoroacetic acid. Then the
eluted fractions were combined and vacuum dried. For liquid chro-
matography-mass spectrometry analysis (LC-MS/MS), the peptides
were desalted using C18 ZipTips (Millipore), according to the manu-
facturer’s instructions.

3.4 Database search

In a word, the mascot search engine (v 2.3) was used to handle
MS/MS data. The mouse SwissProt database (16,991 entries) was con-
ducted to match Tandem mass spectra. Using trypsin/P as the cutting
enzyme allows up to 2 missing cuts, and for the succinylated pro-
teome, the maximum missing cuts is set to 4. Peptide and protein
identifications were filtered at a false discovery rate (FDR) of 1% esti-
mated by the target-decoy approach. Differentially expressed genes
were defined by >|2.0|-fold change, FDR-adjusted p < 0.05, and
required to be detected in >3 biological replicates per group; genes
with low reproducibility (present in <3 replicates) were excluded to
reduce the impact of biological variability.

4 Bioinformatics methods

The data that support the findings of this study are available on
request from the corresponding author. The data is not publicly avail-
able due to privacy or ethical restrictions.

4.1 Gene Ontology annotation

Gene Ontology (GO) is a conventional bioinformatics tool.
Particularly, the objectives of this project are as follows: (1) establish
and enhance a controlled vocabulary of gene and gene product attri-
butes; (2) provide annotation gene products and distribute annotation
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data; and (3) offer user-friendly tools access comprehensive project
data. The GO analysis covered three parts: (1) cellular component
(CC), molecular function (MF) as well as biological process (BP). The
UniProt-GOA database' was utilized to obtain the GO annotation
proteome. Proteins were then classified by GO annotation based on
three categories: BP, CC, and ME GO enrichment analysis was per-
formed with Fisher’s exact test, and terms with FDR <1% were con-
sidered significant. The p-value was adjusted to <0.05.

4.2 Kyoto Encyclopedia of Genes and
Genomes pathway annotation

Analysis of enrichment was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) integrates existing
knowledge on molecular interaction networks. These databases con-
stitute distinct networks known as the “protein network” and the
“chemical universe” The KEGG pathways mainly involved metabo-
lism, genetic information processing, environmental information
processing, cellular processes, rat diseases, and drug development.
KEGG enrichment analysis was performed with Fisher’s exact test,
and terms with FDR <1% were considered significant. The p-value was
adjusted to <0.05. KEGG online service tools KAAS? and KEGG
mapper’ were used.

4.3 Subcellular localization

We utilized WoLF PSORT, a subcellular localization prediction
software. Wolfpsort is an updated version of PSORT/PSORT II that is
specifically designed for the predicting eukaryotic sequences.

4.4 Enrichment-based clustering

Hierarchical clustering is based on the functional classifications
of DEPs (including GO, domains, pathways, and complexes). The
resulting filtered p-value matrix was transformed using the equation
x = —logl0 (p-value). Finally, the x-values were z-transformed for each
functional category. The z-scores were then subjected to one-way hier-
archical clustering (using Euclidean distance and average linkage clus-
tering) in genesis. The membership of clusters was visualized using a
heat map generated by the “heatmap.2” function from the R-package
“gplots”

4.5 Pathway enrichment analysis

Gene set enrichment analysis (GSEA) was employed to assess
pathway enrichment. GSEA evaluates and determines whether pre-
defined gene sets, showing cumulative statistically significant changes
in gene expression, was classified into specific phenotypes. The enrich-
ment score (ES) in GSEA was calculated by ranking the proteins from
the most to the least significant associated with the two groups and
then analyzing how the proteins within each gene set were distributed
across the ranked list.

1 http://www.ebi.ac.uk/GOA/
2 http://www.genome.jp/tools/kaas/
3 https://www.kegg.jp/kegg/kegglb.html
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4.6 Protein—protein interaction network

We used STRING database version 11.0* for protein-protein
interactions. STRING employs a confidence score, and we retrieved
interactions with a confidence score > 0.7 (indicating high confi-
dence). The interaction network from STRING was visualized via the
R package “network D37

4.7 Parallel reaction monitoring to validate
proteomic analyses

To process the resulting MS data, we employed Skyline (v.20.1).
The peptides were configured as follows: the enzyme was specified as
trypsin (KR/P), allowing for a maximum of two missed cleavage. The
peptide length was set to 7-25 amino acids. Fixed modifications
included carbamidomethylation on cysteine, and acetylation at the
protein N-terminus and oxidation on Met were specified as variable
modifications. The variable modifications used were carbamidomethyl
on Cys and oxidation on Met. Finally, the maximum number of vari-
able modifications was limited to three. Transition settings were
defined as precursor charges were set to two or three, ion charges were
set to one or two, and ion types included b, y, and p ions. The number
of product ions ranged from 3 to the last ion, with an ion-matching
tolerance of 0.02 Da. Peptide ions for parallel reaction monitoring
(PRM) monitoring were chosen from the discovery cohort after
retaining only those with Gaussian-shaped peaks, reproducible MS/
MS matches across injections, and S/N >10. Candidates exhibiting
inter-run CVs below 15% among three technical replicates were sub-
sequently used for quantification. The process of gradually narrowing
down from quantitative proteins: Step 1: Retain proteins with a TMT
fold change >2.0 and FDR <1%. Step 2: Eliminate those without pro-
tectotypic peptides or with predicted responses that are too low. Step
3: Prioritize 15 candidates that are key nodes in disease pathways (top
20% in IPA topology score) and supported by literature as potential
biomarkers; ultimately, select 5 qualified protein molecules based on
the cost of synthetic peptides and PRM throughput.

4.8 Statistical analysis

Proteomic profiling was carried out with three independent bio-
logical replicates. Correlation between TMT and PRM quantification
for the five selected DEPs was analysed in GraphPad Prism 8.0.2 (263).

5 Results

5.1 Quantitative profiling reveals 572 altered
proteins and 466 succinylation sites in
VDRKO adipose tissue

To clarify the regulation of metabolic disorder-induced
inflammation in VDRKO mice, six adipose tissue samples were
collected from WT and VDRKO mice. For quantitative proteomic
analysis, TMT labeling, HPLC, and liquid chromatography-tan-
dem mass spectrometry was conducted. A schematic of the

4 https://string-db.org/
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FIGURE 1
Profiling analysis of the proteome and succinylome of adipose tissue from wild-type (WT) and vitamin D receptor knockout (VDRKO) mice. (a)
Experimental design for proteomic and succinylomic analyses of adipose tissues from WT and VDRKO mice. (b,c) Overview of protein identification of
the proteome and succinylome. (1) Total spectra: the number of total spectra of secondary spectra produced by mass spectrometry. (2) Matched
spectra: the number of effective spectra and the number of spectra that match the theoretical secondary spectra. (3) Peptides: the number of identified
peptides and the number of peptide sequences resolved by matching results. (4) Unique peptides: the number of unique peptides identified and the
number of unique peptide sequences resolved by matching results; (5) The number of identified proteins is the number of proteins resolved by specific
peptides. (6) Quantifiable proteins: The number of proteins quantified by specific peptides. (d) Principal component analysis (PCA) comparing VDRKO
samples (red) with WT samples (blue). (e) Heatmap of pairwise Pearson correlation coefficients between WT and VDRKO adipose tissue samples. A
Pearson correlation coefficient close to —1 indicates a negative correlation, a value close to 1 indicates a positive correlation, and a value close lose to 0
indicates no correlation.

workflow is shown in Figure la. Therefore, this study offers an
entire summary of adipose tissue at the multiomics level. The
comprehensive analysis of lysine succinylation and the proteomic
profiling of mouse adipose tissue revealed that of the 4,739 pro-
teins identified, 4,567 were successfully quantified (Figure 1b). A
total of 1,242 peptides were identified as succinylated, and 355
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quantifiable proteins across 411 identified proteins were quanti-
fied by profiling adipose tissue data from WT and VDRKO mice.
Our comprehensive proteomic and succinylomic profiling of
mouse adipose tissue yielded robust datasets with high quantita-
tive coverage. As summarized in Figure 1b, the core proteomic
analysis generated 231,134 total spectra, with 58,726 matched
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spectra (reflecting data utilization efficiency). We identified
26,198 peptides, including 25,958 unique peptides, demonstrating
high protein identification specificity. From these data, 4,739 pro-
teins were identified, with 4,567 successfully quantified, repre-
senting excellent quantitative coverage of the adipose tissue
proteome. Parallel succinylome analysis (Figure 1lc) revealed
extensive lysine succinylation modifications, with 72,029 total
spectra acquired and 3,203 matched spectra. We identified 1,242
succinylated peptides corresponding to 650 modification sites, of
which 642 were confidently localized modified sites and 557 were
quantifiable sites. This included 411 identified succinylated pep-
tides, with 355 quantifiable peptides representing 355 quantifiable
succinylated proteins from adipose tissue of both WT and
VDRKO mice. Prior to a series of sample quality control (QC)
evaluations and standardization processes, principal component
analyses (PCAs) of the proteomics samples were performed. PCA

10.3389/fnut.2026.1715659

revealed that the high separation between each group had nonpar-
allel enrichment features (Figure 1d). The heatmap of Pearson’s
correlation coefficient results was consistent with that of the
PCA. Replicates were repeated well in the WT and VDRKO cells
(Figure 1le).

Proteomic analysis identified 572 differentially expressed pro-
teins with a 1% FDR. The results showed 440 proteins were upreg-
ulated in VDRKO adipose tissue, and 132 were downregulated
(Figure 2a), compared to the control group. Succinylome analysis
revealed 313 upregulated proteins. In addition, 466 succinylated
sites corresponding to 313 succinylated proteins were recognized
with a good site localization score, providing a chance to reveal
the interaction between the succinylome and the full proteome
(Figure 2b). The overall distribution of protein expression differ-
ences was visualized via volcano plots, and heatmaps are shown
in Figures 2c,d, respectively.
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Quantitative proteomics data of WT and VDRKO adipose tissues. Graphs show the number of differentially expressed proteins (DEPs) for (a) proteomics
as well as (b) succinylated proteins and sites (the data from proteomics were used for normalization) [Fold-change threshold: absolute value >2
(Jlog,FC| >1), Fold-change >2.0 up-regulation/ <0.5 down-regulation; statistical significance threshold: adjusted p-value <0.05]. Note that the red and
green plots represent the proteins significantly up- and downregulated in the proteome, respectively. The purple and pink plots indicate the significantly
upregulated proteins and succinylation sites. (c). Volcano plot showing DEPs with a fold change (FC) >2 and a p-value <0.05. Orange indicates
upregulated proteins, whereas green represents downregulated proteins. (d) Heatmap differences at the proteomic level according to hierarchical
clustering analysis of adipose tissue from WT and VDRKO mice. The data represent the means + SEMs (n = 3 per group).
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FIGURE 3

Classification of the proteome and succinylated protein features derived from adipose tissue samples from WT and VDRKO mice. (a) Gene Ontology
(GO) term characterization of the identified proteomic proteins based on biological process (BP), cellular component (CC), and molecular function (MF)
categories. (b) Classification of the succinylated proteins. The signatures of the subcellular structure of (c) proteomics and (d) succinylated proteins.

5.2 Systematic functional annotation reveals
enrichment of metabolic and cellular
processes in VDRKO adipose tissue
proteome and succinylome

To comprehensively characterize the biological properties of
altered proteins in VDRKO adipose tissue, we conducted detailed
Gene Ontology (GO) annotation analysis of both the proteome
and succinylome. As shown in Figure 3a, GO analysis of the pro-
teome revealed significant enrichment in fundamental biological
processes including cellular process (~500 proteins), metabolic
process (~450 proteins), and biological regulation (~380 proteins).
Response to stimulus (~300 proteins) and localization (~280 pro-
teins) were also prominently represented. For cellular compo-
nents, the predominant terms were cell (~322 proteins), cellular
component (~197 proteins), and organelle (~191 proteins).
Molecular function analysis identified binding (~300 proteins),
catalytic activity (~280 proteins), and structural molecule activity
(~150 proteins) as the most enriched categories. These patterns
indicate that VDR deletion broadly impacts core cellular physiol-
ogy and metabolic pathways in adipose tissue, particularly affect-
ing proteins involved in cell proliferation, differentiation, signal
transduction, and metabolic regulation. Parallel analysis of the
succinylome (Figure 3b) showed similar but distinct patterns, with
cellular process (~360 proteins), metabolic process (~310
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proteins), and biological regulation (~211 proteins) remaining the
dominant biological process terms. Notably, developmental pro-
cess (~117 proteins) and immune system process (~94 proteins)
showed lower representation. Cellular component terms included
cell (~292 proteins), cellular component (~151 proteins), and
organelle (~143 proteins), while molecular functions were domi-
nated by binding (~258 proteins) and catalytic activity (~152 pro-
teins). The succinylome profile suggests that succinylation
modifications preferentially target metabolic enzymes and struc-
tural proteins rather than broad signaling regulators, indicating a
specific role in modulating metabolic pathway activity. Subcellular
localization analysis using WoLF PSORT provided additional
mechanistic insights (Figures 3c,d). For the total proteome, 27.45,
20.1, and 18.01% of annotated proteins were localized to the cyto-
plasm, extracellular space, and nucleus, respectively, consistent
with the secretory nature of adipokines and cytoplasmic metabolic
proteins. Strikingly, succinylated proteins showed distinct local-
ization patterns with 38.66% in cytoplasm, 23% in mitochondria,
12.78% in nucleus, and 12.46% in extracellular space. The pro-
nounced mitochondrial enrichment of succinylated proteins,
combined with the metabolic process enrichment in GO analysis,
provides direct evidence that succinylation modifications primar-
ily regulate energy metabolic pathways within mitochondria, rep-
resenting a key molecular mechanism through which VDR
regulates adipose tissue metabolism.
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FIGURE 4
Proteomic enrichment analysis of the WT and VDRKO samples. (a—c) The bubble of Gene Ontology (GO) enrichment was grouped into biological
process (BP), cellular component (CC), and molecular function (MF) categories. (d) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of proteomics data. (€) KEGG pathway enrichment of upregulated differentially expressed proteins. (f) KEGG pathway enrichment of
downregulated differentially expressed proteins. Notably, the scale bar with color on the right and the size of the nodes were positively related to their
protein numbers.

5.3 Pathway enrichment analyses reveal
upregulated ribosome and ER processing
pathways and downregulated complement
cascades in VDRKO adipose tissue

We then conducted GO and KEGG enrichment pathway analyses
of the differentially expressed proteins (DEPs) to gain a complete
understanding of the different types of identified proteins and their
major biochemical functions. The analysis revealed that ribosome bio-
genesis, response to unfolded proteins, amide biosynthetic processes
and regulation of the inflammatory response were significant path-
ways involved in biological processes (BPs) (Figure 4a). GO terms for
CCs revealed that the DEPs were drastically enriched in the endoplas-
mic reticulum, ribosome, and rough endoplasmic reticulum mem-
branes (Figure 4b). VDRKO resulted in proteomic changes with
respect to different molecular functions (MFs), including constituents
of ribosome structure, rRNA binding, and structural molecule activity
(Figure 4c). The results of the KEGG pathway analysis revealed that
terms such as “ribosome,” “coronavirus disease-COVID-19;” and “pro-
tein processing in the endoplasmic reticulum” were distinctly enriched
(Figure 4d). Further pathway analysis revealed that proteins whose
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expression was positively correlated were related mainly to “ribo-
some,” “coronavirus disease—COVID-19,” and “protein processing in
the endoplasmic reticulum pathways” (Figure 4e), whereas proteins
whose expression was negatively correlated were involved in comple-
ment and coagulation cascades, systemic lupus erythematosus, and
protein digestion and absorption pathways (Figure 4f).

To better understand the changes in adipose tissue in VDRKO
mice, we investigated the significant signaling pathways after cluster
analysis. As shown in Figure 5a, the color bar on the right side of the
bar chart displays the clustering group of the rows, which are divided
into four clusters as presented by the four colors: Q1 (132 and red; fold
change (FC) <0.5), Q2 (394 and blue; FC = 0.6-0.667), Q3 (432 and
FC = 1.5-2.0), and Q4 (440 and purple; FC >2.0). Furthermore, path-
way enrichment analysis was performed via the GO and KEGG data-
bases. As shown in the heatmaps, the PPAR pathway, systemic lupus
erythematosus, the renin-angiotensin system, and alcoholic liver dis-
ease pathways were enriched mainly in response to Q1. The Q2 group
of proteins was enriched in neuroactive ligand-receptor interactions,
extracellular matrix-receptor interactions, glycolysis-gluconeogene-
sis, and regulation of lipolysis in adipocytes. There are aminoacyl—
and tryptophan

tRNA biosynthesis; phenylalanine, tyrosine,
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FIGURE 5
Clustering and enrichment analysis of the quantitative proteomics data. (a) The bar chart of differentially expressed proteins was further divided into
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biosynthesis; mRNA surveillance; and nucleocytoplasmic transport
pathways enriched in the Q3 group. The DEPs are involved primarily
in biosynthesis pathways and are associated with endoplasmic reticu-
lum protein processing, ribosomes, and protein export, as shown in
Q4 (Figure 5b).

GO functional enrichment among the diverse groups was divided
into three categories: CC, MF, and BP (Figures 5c-e, respectively).
This functional enrichment revealed many BP categories that were
enriched for categories involved in biogenesis and the immune
response, including ribosome biogenesis, protein localization to the
endoplasmic reticulum, cytoplasmic translation, ribosome assembly,
the humoral immune response, response to wounding, complement
activation, the protein activation cascade, and RNA metabolism
(Figure 5c¢). For CCs, the proteins of different groups were largely clas-
sified into the endoplasmic reticulum, ribonucleoprotein complex,
organelle subcompartment, polysome, plasma membrane, cell periph-
ery, extracellular region, nucleus, and intracellular regions (Figure 5d).
The molecular function enrichment (Figure 5e) indicated that triglyc-
eride lipase activity, protease binding, immunoglobulin receptor bind-
ing, ribosome binding, enzyme binding, ribonucleoprotein complex
binding, and structural molecule activity were markedly changed.

We also performed GO and KEGG analyses of the succinylome
protein data on the basis of the fold change (FC) (Figure 6a). The GO
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terms for the succinylome are shown in Figures 6b—d. KEGG analysis
revealed that alanine, aspartate, and glutamate metabolism; arginine
biosynthesis; ribosomes; and coronavirus disease-COVID-19 were
significantly enriched (Figure 6e).

5.4 Protein interaction networks identify key
functional modules in VDRKO adipose
tissue proteome and succinylome

Multidimensional omics data provide an opportunity to observe
the proteome succinylome relationship of adipose tissue. STRING
datasets—a search tool for interacting genes or proteins—were
selected to visualize protein—protein interactions and were enriched
in this dataset, thereby eliminating external molecules. The top six
clusters for proteomic and succinylome characterization are shown in
Figures 7, 8, respectively. There was an overlap between the functional
analysis of differentially expressed succinylated proteins and proteins,
revealing a remarkable overlap between the WT and VDRKO datasets
(Figure 7). Our proteomic and succinylome data revealed an inte-
grated landscape of VDRKO adipose tissues.

To corroborate the TMT discovery set, five DEPs (differentially
expressed proteins) were subjected to targeted quantification via PRM
(Supplementary Table 1). The resulting abundance trajectories
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Clustering analysis of succinylated proteins. (a) Groups of succinylated differentially expressed proteins. (b—d) Gene Ontology (GO) classification after
clustering. (e) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis after clustering.

mirrored those detected in the TMT experiment (Figure 9), yielding
an R? of 0.5909, and thereby endorsing the reliability of the initial
TMT measurements. PRM quantification was performed on 5 of the
15 selected target proteins. The results for the five proteins are shown
in Table 1.

6 Discussion

To elucidate the effects of VDRKO on adipose tissue at the molec-
ular level, we employed an integrated proteomic approach utilizing
TMT labeling Liquid
Chromatography and liquid chromatography-tandem mass spectrom-

coupled with High-Performance
etry (Figure 1). Our mass spectrometry data demonstrated excellent

quality, with minimal average mass errors in peptide identification
and appropriate peptide length distribution (8-20 amino acids),
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confirming the reliability of our proteomic profiles (Figures 1b,c). A
key strength of our experimental design is the detailed documentation
of nutritional composition, including macro-nutrients and vitamin D
levels (4.99 x 10° IU/kg), ensuring full transparency regarding dietary
conditions that may influence adipose tissue metabolism.

These integrated proteomic and succinylomic analyses reveal that
VDR deletion profoundly reprograms the adipose tissue landscape,
providing molecular insights into the lean phenotype of VDRKO
mice. Consistent with previous reports, VDRKO mice exhibited sig-
nificantly lower body weights compared to WT controls, character-
ized by increased UCP1 expression and elevated energy expenditure
(23, 25, 26). These phenotypic changes suggest substantial alterations
in energy homeostasis and insulin sensitivity, potentially mediated
through reduced adipose inflammation in the VDR-deficient state.
Taken together, and within the documented nutritional context, our
findings position reduced adipose inflammation as a potential central
node linking VDR deletion to improved systemic energy homeostasis
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no change.

and insulin sensitivity. Building upon these phenotypic observations,
our deep proteomic profiling quantified widespread protein expres-
sion changes, while subsequent succinylome analysis revealed exten-
sive lysine succinylation modifications, particularly affecting
mitochondrial and cytoplasmic proteins (12, 27, 28). Comprehensive
functional annotation of the identified proteins revealed substantial
alterations in catalytic and structural molecular activities in VDRKO
adipose tissue (Figure 3). Protein—protein interaction network analy-
sis further identified six significantly enriched clusters: ribosome,
prion disease, complement and coagulation cascades, protein diges-
tion and absorption, regulation of actin cytoskeleton, and aminoacyl-
tRNA biosynthesis pathways (Figures 3-8). We interpret these
pathway enrichments cautiously, recognizing they derive primarily
from database annotations and require further experimental
validation.

The proteomic signature indicated a substantial rewiring of meta-
bolic pathways. Notably, ribosomal proteins were significantly upregu-
lated in VDRKO adipose tissue, with PRM verification confirming
increased expression of Rps3a and Rps18. These findings suggest
potential alterations in translational regulation that may contribute to
the metabolic adaptations observed in VDRKO mice (29, 30).
Concurrently, we observed downregulation of complement and coag-
ulation cascades, as well as protein digestion and absorption pathways,
with collagen proteins such as Col24al emerging as key regulators
(31-33). KEGG analysis further revealed downregulation of protein
digestion and absorption pathways in VDRKO mice (Figure 4), with
collagen proteins (Col24al, Col6a4, Colla2, and Col5a2) identified as
key regulatory factors. These changes in extracellular matrix compo-
nents may influence adipose tissue expansion and insulin sensitivity,
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potentially contributing to the improved metabolic profile of
VDRKO mice.

Subcellular localization analysis revealed that mitochondrial pro-
teins showed the most pronounced increase in succinylation (31),
consistent with the central role of mitochondria in energy metabolism
and the generation of succinyl-CoA, the essential substrate for this
modification. This mitochondrial predominance is mechanistically
justified by the proximity to succinyl-CoA production sites and the
abundance of metabolic enzymes in this compartment. The functional
impact of succinylation on metabolic enzymes is potentially profound,
as this modification can alter enzyme activity, stability, and protein
interactions. Mechanistically, these changes may be driven by altered
activity of enzymes regulating the succinylome, such as the desucci-
nylase SIRT5 or metabolic enzymes like succinate dehydrogenase
(SDH), which influence succinyl-CoA pools (32-37). The enrichment
of succinylation in metabolic pathways including alanine, aspartate,
and glutamate metabolism and arginine biosynthesis provides a direct
mechanistic link between VDR deletion and the observed metabolic
phenotype (38-40). Specifically, succinylation of key metabolic
enzymes in these pathways could directly modulate their activity,
thereby influencing energy homeostasis and adipocyte function. This
widespread rewiring of the succinylome represents a novel mecha-
nism through which VDR deletion may drive metabolic reprogram-
ming in adipose tissue. Thus, the extensive succinylation of
mitochondrial metabolic enzymes emerges as a pivotal post-transla-
tional mechanism that directly links VDR ablation to the enhanced
energy expenditure and lean phenotype observed in VDRKO mice.

Pathway analysis demonstrated significant alterations in multiple
biological processes (Figure 4). Upregulated proteins were
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Changes in the five selected differentially expressed proteins (DEPSs)
through tandem mass tag (TMT) and parallel reaction monitoring
(PRM) analysis. The selected DEPs, including pancreatic alpha-
amylase (Amy?2), proliferation-associated protein 2G4 (Pa2g4), 40S
ribosomal protein S18 (Rps18), 40S ribosomal protein S3a (Rps3a),
serine protease inhibitor A3N (Serpina3n).

predominantly associated with ribosome, COVID-19, and endoplas-
mic reticulum protein processing pathways (Figure 4e), while down-
regulated proteins were enriched in complement and coagulation
cascades, systemic lupus erythematosus, and protein digestion and
absorption pathways (Figure 4f). We specifically frame the observed
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no change.
COVID-19 pathway components within the context of general
61 immune and inflammatory signaling mechanisms rather than viral
R2=0.5909 susceptibility per se. Specifically, the complement and coagulation
N 4+ cascades, which were enriched in lean WT mice, showed significant
5 downregulation in VDRKO mice (Figures 4, 5b), aligning with tran-
£ 27 scriptomic patterns observed in lean versus obese canine models (41,
; ) 42). Similarly, changes in systemic lupus erythematosus pathway com-
8 ! ponents reflect alterations in general immune regulation rather than
ED > specific autoimmune pathogenesis. The reduced activity of the sys-
27 logpFC (TMT) temic lupus erythematosus pathway in VDRKO adipose tissue
4 (Figure 4f) corroborates previous epidemiological links between vita-
min D deficiency and autoimmune disease incidence (43).
FIGURE 9

Our succinylome analysis provides mechanistic insight into the
metabolic phenotype of VDRKO mice. The alterations in endoplas-
mic reticulum protein processing pathways align with previous
reports of vitamin D3’s role in regulating ER function (44). The
extensive succinylation modifications observed, particularly affect-
ing mitochondrial proteins, directly impact key metabolic enzymes
involved in energy homeostasis. We also detected substantial suc-
cinylation modifications in cytoplasmic compartments, suggesting
a broader regulatory role for succinylation beyond mitochondrial
metabolism in VDR-deficient states. Future studies should directly
assess the role of specific succinylome regulators in VDR-deficient
adipose tissue.
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TABLE 1 Verification of the levels of differentially expressed proteins via PRM.

Protein accession

Protein description

Gene name

10.3389/fnut.2026.1715659

K/C ratio PRM K/C ratio PRO

P00688 Pancreatic alpha-amylase Amy2 3.56 3.93
P50580 Proliferation-associated protein 2G4 Pa2g4 1.77 3.2
P62270 408 ribosomal protein S18 Rps18 1.47 3.35
P97351 408 ribosomal protein S3a Rps3a 1.24 2.79
QI1WP6 Serine protease inhibitor A3N Serpina3n 0.59 0.4

PRM was quantified using the peak area. K/C ratio PRM: peak area distribution of the VDRKO/WT mouse ratio in the PRM analysis. K/C ratio PRO: peak area distribution of the VDRKO/

WT mouse ratio according to proteomic analysis.

Beyond the alterations in organelle function, the distinction between
our VDR knockout model and physiological vitamin D deficiency war-
rants consideration (45, 48). While both impair vitamin D signaling,
fundamental mechanistic differences likely yield divergent proteomic
profiles (46). VDRKO causes complete, cell-autonomous receptor loss,
whereas dietary deficiency represents ligand deprivation with preserved
receptor functionality. Although both conditions share phenotypes like
leanness and UCP1 upregulation, our integrated succinylome analysis
reveals extensive, unique post-translational modifications in metabolic
enzymes in VDRKO mice (47). This suggests that constitutive receptor
absence drives a more profound metabolic reprogramming than ligand
deficiency alone. Thus, while VDRKO is invaluable for identifying cell-
autonomous VDR functions, our findings represent the severe end of the
vitamin D signaling deficiency spectrum and may not be fully translat-
able to human dietary deficiency.

Several methodological limitations should be considered together
in interpreting our results. The relatively small sample size (n = 3 per
group) may affect statistical power, and the exclusive use of male mice
limits generalizability to both sexes, consequently, findings require
validation in larger, hypothesis-driven cohorts. Because female mice
exhibit oestrous-cycle-driven metabolic fluctuations, the present find-
ings require validation in females. The dietary composition, while
documented for transparency, was not experimentally manipulated,
which could influence both vitamin D status and adipose tissue
metabolism. Additionally, while we validated several key proteins
through PRM, comprehensive validation of all identified changes was
not feasible. Furthermore, the absence of histological analysis of white
and brown adipose tissue precludes a direct correlation between the
observed molecular alterations and tissue-level morphological
changes, such as adipocyte size, crown-like structures, or mitochon-
drial density. Similarly, we did not assess the functional consequence
of VDR deletion on thermogenic capacity through cold tolerance
tests, which would provide direct physiological evidence for altered
adipose tissue energy expenditure. Our translational statements are
therefore intentionally moderate and hypothesis-driven, focusing on
the mechanistic insights provided by this comprehensive molecular
profiling rather than implying direct clinical applicability.

Despite these limitations, our study provides valuable insights into
the molecular consequences of VDR deletion in adipose tissue. The
extensive rewiring of both the proteome and succinylome suggests
that VDR signaling plays a crucial role in maintaining adipose tissue
homeostasis. The VDRKO mouse model, while not fully recapitulating
human vitamin D deficiency states, offers a valuable system for study-
ing cell-autonomous effects of VDR signaling.

Future studies should focus on validating the functional signifi-
cance of specific protein changes and succinylation modifications
identified in this study. Particularly, the role of ribosomal proteins and
metabolic enzymes in mediating the VDRKO phenotype deserves
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further exploration. Additionally, investigating how these molecular
changes translate to alterations in insulin sensitivity, inflammatory
status, and overall metabolic function will be crucial for understand-
ing the physiological relevance of our findings.

In conclusion, our integrated multi-omics approach provides a
comprehensive characterization of the proteomic and succinylomic
landscape in VDRKO adipose tissue. The integration of advanced
mass spectrometry techniques with systematic bioinformatic analyses
has identified distinct pathway alterations and subcellular distribution
patterns that advance our understanding of VDR role in metabolic
regulation. The extensive changes in both protein expression and suc-
cinylation modification highlight the complex regulatory networks
controlled by vitamin D signaling in adipose tissue, offering new per-
spectives for understanding metabolic diseases and potential thera-
peutic strategies. These findings establish a foundation for future
mechanistic studies investigating VDR-mediated processes in adipose
tissue biology and related metabolic disorders.
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