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Abstract

Background

The global rise in obesity prevalence highlights an urgent need to understand its underlying
pathophysiology, which ranges from preclinical obesity (excess body fat without overt disease) to
clinical obesity with impairment of organ function. To study obesity, we fed obesity-prone Ossabaw pigs
a medium cholesterol (0.5 weight %), high-fat (50% of energy) and high-fructose (21% of energy) diet
(MC-HFD) for relatively short-term (11 weeks). Morphometric parameters, adipocyte area, and blood
biomarkers of metabolic syndrome and inflammation were evaluated. Furthermore, RNA sequencing
was adopted to characterize the transcriptome-wide response to this obesogenic challenge and identify
key genes and molecular processes affected by the attained obesity state in visceral adipose tissue
(VAT) and liver.

Results

Pigs fed the MC-HFD diet exhibited significant increases in body weight, body size, and adipocyte area
compared to the control group. However, these pigs remained metabolically healthy, with only a minor
increase in low-density lipoprotein (LDL), and normal C-reactive protein, triglyceride, glucose, and insulin
levels. In VAT, 666 differentially expressed transcripts (DETs) were identified, while only 40 were found in
liver tissue. Notably, FASN was the only transcript that was regulated similarly (significantly
downregulated) in both tissues of MC-HFD pigs, suggesting tissue-specific transcriptional signatures.

In VAT, transcripts related to the mitochondrial respiratory chain complex, protein synthesis, spliceosome
and certain extracellular matrix components were upregulated, while collagen, GPCR signalling and fatty
acid metabolism were generally downregulated. Compared to VAT, the liver of MC-HFD fed pigs exhibited
a greater enrichment in transcripts commonly linked to obesity. Transcripts related to fatty acid
biosynthesis and amino acid catabolism were suppressed, while hormone and lipoprotein metabolism
associated transcripts were upregulated.

Conclusions

Taken together the data presented here suggest that MC-HFD fed Ossabaw pigs attained a pre-
metabolic syndrome state of obesity characterized by an ‘obesity tolerant’ transcriptional response in
VAT in contrast to the liver response resembling an early canonical obesity response.

Background

According to the World Health Organization (WHO), 16% of adults, about 1 in 8 people, were living with
obesity in 2022("). This prevalence is expected to rise by more than 115% between 2010 and 2030@. As
a central component of metabolic syndrome (MetS), which constitutes a major risk factor for non-
communicable diseases, obesity contributes to millions of premature deaths each year, representing a
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serious and growing threat to global health(®. Despite the increased burden of obesity, there are still
significant gaps in our understanding of its causes and pathophysiology. The Lancet commission, in
early 2025, agreed that disruptions in the biological mechanisms regulating fat mass, its distribution and
function are central to the problem, however, the factors underlying these alterations are still not fully
understood®. There is a need for research to elucidate the genetic and environmental mechanisms

driving obesity and its progression into clinical obesity®. Investigating how environmental factors
influence gene expression profiles in metabolically relevant tissues can provide key insights into the
molecular mechanisms involved in obesity. To accomplish this, animal models mimicking the human
obesity state and its related metabolic complications are crucial. Pigs are regarded as superior models
for obesity with highly increased translational validity compared to rodent models. In particular, the
Ossabaw pig has been described as an outstanding model for human obesity, accurately reproducing the

most complete MetS of all investigated pig breeds ©.

The WHO defines obesity as an excessive accumulation of body-fat commonly measured by body mass
index (BMI)("). While this measure is useful at the population level, it lacks accuracy in determining
individual health status. Therefore, it is recommended to also include a direct measure of body fat, yet,
when this is not available, an appropriate anthropometric measure such as waist circumference should
be used®. In pigs there is no generally accepted adiposity index, however, Dyson et al. (2006)® suggest
the use of abdominal circumference (ABC) as an indirect measure of visceral fat in Ossabaw pigs.
Excess adiposity can directly affect the structure and function of several tissues and organs, including
adipose tissue (AT), liver, and heart. Specifically, AT is an important energy reservoir but also a dynamic
endocrine organ playing a central role in metabolic regulation. In obesity, adipocytes undergo
hypertrophy, which can contribute to changes in lipid metabolism, insulin sensitivity and inflammation).
While visceral AT (VAT) is more metabolically active with a stronger influence on health outcomes,
subcutaneous AT (SAT) primarily functions as a storage compartment®. The liver plays a central role in
lipid and glucose metabolism, and both obesity and MetS are associated with disruptions in these
processes®). The heart is also impacted by obesity, particularly through the dysregulation of cardiac
fatty acid metabolism('0).

RNA sequencing offers a comprehensive, untargeted method for identifying transcriptional changes in
response to an experimental condition, making it a powerful tool for uncovering key biological pathways

involved in obesity development(V.

Extensive work has investigated diet-induced obesity and associated comorbidities in porcine models.
However, most studies focus on establishing a metabolically unhealthy phenotype(!2-19). This leaves a
critical gap in our understanding of the early phases of obesity. During the early phases of obesity, the
timing and extent of initial mechanisms responsible for metabolic disturbances and subsequent
dysfunction may be studied in various tissues, as a deeper understanding of these mechanisms requires
data obtained at multi-tissue level. For example, in mice subjected to high-fat overfeeding, insulin
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resistance first appears in the liver around week 6, followed by AT by week 12, while skeletal muscle
retains insulin sensitivity('”).

To this end, RNA sequencing was performed on SAT, VAT, heart, and liver to analyse transcriptional
differences between pigs fed a high-fat, high-fructose diet with 0.5% (medium concentration) cholesterol
(MC-HFD) and those on a chow diet (control) for 11 weeks. Transcript level analysis has the advantage
of capturing isoform-specific expression changes that remain undetectable at the gene level. Following
aggregation of differential transcript expression data to gene level, we conducted enrichment and
network analysis to elucidate the functional significance of the observed changes, offering new
hypotheses that may help clarify the molecular profile in this model of obesity. We found that although
pigs fed the MC-HFD diet developed obesity morphometrically, they did not exhibit a full metabolic
syndrome. This pre-metabolic syndrome obese state was associated with a distinct transcriptional
response in VAT, differing from the typical inflammatory and glycolytic profiles usually linked to obesity
and metabolic syndrome. In contrast, the liver response resembled an early canonical obesity signature.

Materials and Methods
Study approvals, animals and housing

The study was approved by the Danish Animal Experiments Inspectorate (permit 2016-15-0201-01022)
and complies with the ARRIVE guidelines. The experimental procedures were performed in accordance
with Danish laws and regulations regarding the use of animals in research (The Danish Ministry of
Justice, Act on Animal Experiments no. 474 of 15 May 2014, as stipulated in the executive order no. 12
on 7 January 2016), and all animal handling complied with DTU’s Animal Welfare Policy. All animals were
obtained from the Ossabaw facility at the Technical University of Denmark (https://ossabaw.dtu.dk) and
housed at the University of Copenhagen animal facility. The experiments were specifically approved by
the institutional animal ethics committee at University of Copenhagen as project number P 19-409.

The pigs were kept in a temperature-controlled environment (20—22°C) with a natural light cycle and ad
libitum access to water. Straw bedding and enrichment was available. The study used fifteen (based on
statistical power calculation) male, castrated miniature Ossabaw pigs aged 6.1 + 1.1 (meanSD, min =5,
max = 8) months.

Diet intervention

The animals were randomized into two groups: a control group fed a standard chow diet (control, n = 6)

(SDS Diets, 3.3 kcal/g) and a group fed a customized obesogenic diet (4.6 kcal/g, custom-made at

Foulum, Aarhus University, Denmark), as previously described('®), containing high-fat (48% energy), high-

fructose (21% energy), and 0.5% cholesterol (MC-HFD, n = 9). A period of four weeks was used to

gradually transition the pigs from normal to the MC-HFD feed. See Fig. 1 for the experimental setup and

supplementary Table S1 for details concerning the diets. The control group was fed restricted chow diet
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according to the scheme by Swindle and Smith (201 5)(19), i.e. with a daily allowance restricted to
approximately 2.5% of the body weight, but not surpassing 900 g/pig/day, while the MC-HFD group was
fed a fixed amount of 1 kg/pig/day. Fasting blood samples, collected in uncoated tubes (for serum
preparation), were obtained, and body weight (BW), length from snout to base of tail and abdominal
circumference (ABC) at the umbilicus was recorded for all pigs once weekly throughout the study. Prior
to blood collection the animals were sedated by intramuscular injection of Zoletil (1 ml/10 kg, Virbac).
After 11 weeks of full MC-HFD feeding, the animals were sedated as described above and then
euthanized by intracardiac injection of pentobarbital (0.25 mL/kg bodyweight, sodium pentobarbital, 400
mg/mL, Euthanimal (Alfasan)). In diet week 2, the pigs were affected by a bacterial infection
(gastrointestinal) and therefore received antibiotics.

Sampling and storage

At necropsy, abdominal SAT, mesenteric VAT, liver and heart were collected in RNAlater (Invitrogen), as
well as in formalin and flash frozen in liquid nitrogen, and blood samples were obtained for serum
preparation. RNAlater tubes were stored at room temperature overnight and subsequently stored at
-20°C prior to RNA extraction. Formalin tubes were stored at 4°C. Flash frozen samples in cryogenic
tubes were immediately stored at -80°C. Uncoated blood sampling tubes were stored overnight at 4°C

prior to serum preparation on the next day by centrifugation (10 min, 3000 rpm)(zo).

Morphometric measures

Abdominal circumference and length latest measurements were performed at week 10. BMI was
calculated as in humans, as BW in kg divided by the square of body length?"). Body surface area (BSA)
was estimated using a formula suggested for miniature swine(??: BSA = 0.121BW%-575,

Histology and area quantification of adipocytes

Both VAT and SAT samples from MC-HFD and control pigs were fixed in 10% neutral-buffered formalin,
paraffin embedded, sectioned at 3 um and mounted on SuperFrost Plus Microscope slides (Menzel-
Glaser, Braunschweig, Germany). Sections were stained with hematoxylin for 13 sec followed by rinsing
in running tap water. The stained sections were imaged using the 20X objective in the Pannoramic Midi Il
digital slide scanner (3DHISTECH Ltd., Budapest, Hungary). Images were viewed with the slideViewer
software v.2.8 also from 3DHISTECH and 10X images were exported. Adipocyte area was quantified,
blinded to diet group, using ImageJ and the AdipoQ plugin?®. Briefly, custom preferences for AdipoQ
Preparator and AdipoQ were used to identify and analyse adipocytes. Several adipocyte area data points
were excluded due to large portion of damaged/broken cells and/or poor segmentation.

Biochemistry and biomarker profile in serum samples
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Triglycerides, fructosamine (a marker of medium-term glucose control in pigs®¥), total cholesterol, high-
density lipoprotein (HDL), low-density lipoprotein (LDL) and liver enzymes were measured by an external
laboratory (see acknowledgments). For these, only data from week - 3 was available to represent the
start of the experiment. Glucose serum concentration was determined by a blood glucose meter (Accu-
check, No. 225702) according to the manufacturer’s instructions. Insulin concentration was quantified by
Porcine Insulin ELISA kit (Mercodia, No. 10-1200-01) according to the manufacturer’s protocol. The
detection limit of 2.81 mU/L (19.49 pM) was used when the optical density (OD) was below the standard
curve minimum OD. C-reactive protein (CRP) concentration was measured by a sandwich in-house ELISA

as described previously®9). The limit of detection of 4.26 mg/| was used when the OD was below the
minimum OD of the standard curve. ELISA measurements were performed in duplicate for each sample
and only mean values with a coefficient of variation below 15% were included in the analysis. Pig specific
ELISAs for leptin and adiponectin were from My Biosource (No. MBS703419) and Assay Genie (No.
PRFI00006), with the limit of detection of 0.26 ng/l and 3.125 pg/ml, respectively.

RNA extraction and sequencing

As pigs no. 1 (control) and no. 30 (MC-HFD group) showed unusual weight trajectories (Fig, 1S) they
were excluded from the sample set subjected to RNA sequencing.

Total RNA was extracted from liver, heart, SAT and VAT by using the miRNeasy Mini Kit (Qiagen). Briefly,
around 30 mg of liver or heart stabilized in RNAlater and 100 mg of AT in cryogenic tubes or in RNAlater
were homogenized in M-tubes (Miltenyi Biotec) containing 1 ml QlAzol Lysis Reagent (Qiagen) and using
a gentleMACS Dissociator (Miltenyi Biotec). Following this, 200 pl chloroform was added to the
homogenate and subsequently centrifuged (15 min, 14000 rpm) whereafter 450 pl of 100% ethanol was
added to the upper, aqueous phase. For the AT, before adding chloroform, an extra step was performed:
centrifugation for 10 min at max speed at 4°C to remove the fat residues(@®). The RNA was then purified
through a column-based process, including a DNase treatment on-column, to eliminate gDNA, using
RNase-free DNase Kit (Qiagen), according to the manufacturer’s protocol. Purity and RNA yield were
measured on a NanoDrop (Spectrophotometer ND-1000, Thermo Scientific) and RNA integrity (RIN) was
evaluated on an Agilent 2100 Bioanalyzer (Agilent Technologies) using the Agilent RNA 6000 Nano Kit
(Agilent Technologies), according to the manufacturer’s instructions. All samples showed an Aygq /250,
ratio between 1.9 and 2.2, but only samples with a RIN above 6.5 were selected for RNA-seq. Ribosomal
RNA (rRNA) depletion stranded cDNA library construction and 100 bp paired-end sequencing were
performed by an external provider using the DNBSEQ platform (BGI-Wuhan NGS Lab). Detailed
information on RNA samples and sequencing quality control (QC) for each sample is provided in
supplementary file 1. Several RNA samples were not submitted to BGI due to poor quality, primarily
based on low RIN. Additionally, some samples submitted to BGI QC failed to meet RIN criteria and were
not processed further. In total, 11 VAT, 11 SAT (Control = 4, MC-HFD = 7 for both depots), 10 liver (Control
=5, MC-HFD = 5) and 7 heart (Control = 4, MC-HFD = 3) samples went through library preparation.
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RNA-seq analysis

Raw sequencing data was filtered by BGI using the SOAPnuke pipeline?”, with the following parameters
enabled:"-n 0.001 -1 20 -q 0.4 --adaMR 0.25 —-polyX 50 -minReadLen 100. Quality assessment of this data
was subsequently performed using multiqc?®). Except for two samples excluded due to excessive
duplication levels, all 37 samples passed QC (see supplementary file 2). Reads were mapped to the Sus
scrofa reference transcriptome (Ensembl release 110) using Salmon®)(v1.10.2). As Ensembl provides
separate fast file for cDNA and ncRNA, these were concatenated to generate the full transcriptome. Prior
to quantification with Salmon, an index was generated incorporating the genome to create decoy
sequences, enabling more accurate handling of reads originating from unannotated regions. Libraries
were then mapped to this index using Salmon quant, with the following parameters enabled: --gcBias, -

segBias, -validateMappings, -numGibbsSamples 100, --useEM and --rangeFactorizationBins 4.

Prior to analysis, transcripts annotated as rRNA were removed, resulting in libraries with a median read
depth of 24 million reads (mean = 25 million, min = 12 million, max = 39 million). Detailed information
regarding mapping and library size for each sample is available in supplementary file 3. Technical
overdispersion arising from read-to-transcript ambiguity was estimated with edgeR®?). Transcript counts
were subsequently scaled by these estimates to produce counts suitable for input into established tools
for gene-level analysis.

For exploratory analysis, lowly expressed transcripts were filtered out using filterByExpr in edgeR, with
the default settings, and expression values were normalized and log2-transformed using cpm in edgeR.
Principal component analysis (PCA) was then performed using prcomp in stats, with default parameters,
and ellipses were computed with stat_ellipse assuming a multivariate normal distribution. Differential
expression analysis was performed using linear models in limma, following variance stabilization with
voom®"). Sample quality weights were estimated and included in the modelling. PCA revealed that the
overall expression patterns of VAT and SAT were roughly similar (Fig. 4A). Based on the PCA, we then
first included an interaction between the MC-HFD diet and tissue type in our model, but failed to detect a
significant interaction effect, indicating that both tissues responded similarly to the MC-HFD diet.
Therefore, we proceeded to build separate models for each of the four tissue types using the diet group
as the independent variable, which estimates the difference in expression between MC-HFD and control
samples. For each design, an edgeR object was built using the raw counts. Lowly expressed transcripts
were filtered using the filterByExpr, now accounting for the specific design matrix, and normalization was
performed using the trimmed mean of M-values (TMM) method. Statistical testing was computed by
eBayes in limma, and transcripts were considered differentially expressed (DE) when llog,FCl= 1 and
adjusted P-value < 0.05. Benjamini-Hochberg (BH) was used to correct for multiple testing. Volcano plots
were visualized with ggplot2 and heatmap using ComplexHeatmap package®2). For subsequent
enrichment and network analysis, differentially expressed transcripts (DETs) were aggregated to gene-
level, where a gene was classified as DE if at least one of its isoforms exhibited differential expression.
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Overrepresentation analysis of DETs

We performed overrepresentation analysis (ORA) to identify enriched Gene Ontology (GO) terms and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways among the DE results using clusterProfiler
(v4.13.4)33)_ GO annotations were categorized into biological processes (BP), molecular function (MF)
and cellular component (CC). Ensembl gene identifiers were mapped to Entrez ID using biomaRt
(v2.61.3)4)_ Genes that could not be mapped to an Entrez ID or lacked functional annotation were
excluded from the analysis. For each tissue, separate analyses were conducted for significantly
upregulated and downregulated genes. As the background set, we used the list of all expressed genes in
each tissue with known annotation. Gene sets with a minimum of 10 and a maximum of 500 genes were
considered in the analysis, and significance thresholds were set at adjusted P-value < 0.05, calculated via
BH method. Visualizations were generated with genekitr (v1.2.8). In order to reduce redundancy and
improve interpretability among the significantly enriched GO terms, quickGO®% web tool was used to
evaluate the hierarchical structure of GO annotations. In case of terms included in the same ancestor
chart, the most specific term was selected for summarizing the results in the figure. For KEGG
annotations, enriched terms were ranked by adjusted P-value, and the top five terms were selected for
representation.

Protein-protein interaction network of DETs

A protein-protein interaction (PPI) network of DE results was generated using STRING database
(https://string-db.org/) and visualized in Cytoscape software (v3.10.3). Only interactions with a
confidence score above 0.4 (medium confidence) were retained. In the network nodes represent proteins
and edges indicate functional or physical protein interactions. Clusters of interconnected nodes were
identified using MCL plugin®®®), with granularity parameter of 3, followed by group-wise functional
enrichment using GO and KEGG annotations, using the initial network as the background set. A
redundancy threshold of 0.7 was used to filter out similar terms. CytoHubba plugin was employed to
rank nodes based on the maximal clique centrality (MCC) degree algorithm®”), and the top 30 nodes
were selected. The STRING-disease feature was used to generate a network using the term obesity
(DOID:9979), applying a confidence score threshold of 0.4 and limiting the network to 300 proteins.
Overlap analysis between this and each tissue-derived network was performed, and a hypergeometric
test from the stats package was used to determine whether these were overrepresented in our data. As
the background set, we used the list of all genes expressed in each tissue with annotation in STRING
database. A similar approach was taken to assess the overrepresentation of obesity-related genes
identified through text mining of pig-related obesity studies. Here, for the background set we used the list
of all protein-coding genes expressed in each tissue.

Correlation analysis

Correlations between transcript expression levels and phenotypic parameters were explored using

spearman’'s method from the stats package (v4.4.1), with missing values excluded on a pairwise basis.

Expression values were normalized and log2-transformed prior to analysis. For genes with multiple
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isoforms, the one exhibiting the lowest adjusted P-value was selected for analysis. Statistical
significance of the correlations was evaluated using rstatix package, and P-values were adjusted for
multiple testing using BH method. The results were visualized using ggcorrplot.

Data analysis and statistical tests

Statistical analysis and data visualization of morphometric parameters, adipocyte area and biochemical
measurements were performed using the software GraphPad Prism v10. Repeated measures two-way
ANOVA was used to test the interaction effect of week and diet. Statistical significance between control
and MC-HFD group at individual time points was evaluated with Welch’s unpaired t-test for normally
distributed data. P-values were adjusted for multiple comparisons using the Holm-Sidék correction. For
data not normally distributed Mann-Whitney U test was used. Data normality was evaluated using
Shapiro-Wilk test. The same approach was used for testing differences between diet groups in adipocyte
area for each depot.

Upstream processing of RNA sequencing data was performed using Unix terminal and downstream
analysis was performed using R v4.4.1 and RStudio 2024.09.0 + 375.

Results
Phenotypic characteristics of MC-HFD Ossabaw pigs

Weight curves for both groups are shown in supplementary Fig. 1S. As mentioned, two pigs, pig no. 1
from control and pig no. 30 from MC-HFD group, exhibited unusual weight curves and were therefore
excluded from the sequencing sample set and are excluded from the data sets in Fig. 2 and Fig. 3. After
11 weeks of obesogenic feeding, the MC-HFD group demonstrated a significant increase in BW, ABC,
BMI and BSA compared to the control group (Fig. 2A, P<0.001; 2B, P =0.047; 2C, P < 0.001; 2D, P =
0.001). Concerning dyslipidemia-related parameters, circulating triglyceride remained unchanged
between the groups, while concentrations of total cholesterol were significantly higher in MC-HFD pigs
than in control pigs at week 11 (Fig. 3B, P = 0.03). Cholesterol transporting lipoproteins exhibited a
significant interaction effect (supplementary Table 1S), with HDL concentrations significantly higher in
the MC-HFD group compared to the control group (Fig. 3D, week 11, P = 0.008), while circulating LDL
revealed only a tendency to higher concentrations in week 11 (Fig. 3C, P = 0.16). No evidence of insulin
resistance was observed, as determined by HOMA-IR (data not shown), based on unaffected fasting
glucose and insulin concentrations (Fig. 3F and Fig. 3G). Additionally, long-term glucose homeostasis
appeared preserved in the MC-HFD group, as indicated by no change in fructosamine levels (Fig. 3E).
Likewise, the serum concentrations of CRP, an established inflammation biomarker, displayed no
reaction to the diet over time (Fig. 3H). The reason for the elevated levels of this protein at week - 4 in
both groups, particularly in the MC-HFD group, remains unclear. Histological analysis revealed a
significant increase in average adipocyte area in both AT depots in the MC-HFD group compared to the
control group (Fig. 31, SAT, P = 0.026; VAT, P = 0.004), consistent with adipocyte hypertrophy. A
representative example of this difference is shown in supplementary Fig. 3S.
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Tissue-specific transcriptomic profiles evaluated by PCA

PCA was used to visualize transcriptomic profiles from the four different tissues collected from control
and MC-HFD pigs at the end of the study. Primary clustering was driven by tissue type rather than dietary
group (Fig. 4A), highlighting strong tissue-specific transcriptional signatures. The two AT depots showed
similar overall expression profiles, as confirmed by the ellipses (Fig. 4A), and no interaction of tissue type
with diet was demonstrated for these tissues (results not shown). Individual PCA plots are shown only
for tissues which showed significant differential expression (see supplementary Fig. 4S for heart and
SAT PCA plots). PCA analysis for liver samples showed partial separation between diet groups, mainly
along PC2. However, considerable within-group variation was present, particularly among control
samples, as indicated by the large blue ellipse in Fig. 4B. For VAT samples, a clear separation according
to the diet group was observed along PC2, however, the ellipses for control and MC-HFD still overlapped,
indicating some spread within each group.

Differential expression analysis between control and MC-
HFD pigs

Differential expression analysis comparing MC-HFD vs. control was performed for each tissue type
separately, and results were visualized using volcano plots and hierarchical heatmaps. The extensive
results are available in supplementary file 4. While heart and SAT exhibited no significant transcriptional
changes in response to the diet, the liver showed a modest response, with only 40 transcripts
significantly regulated in MC-HFD compared to control group (Fig. 5B). Approximately three times more
DETs were upregulated than downregulated (up = 31, down =9). Hierarchical clustering revealed a
distinct diet group-driven differentiation, demonstrating high consistency within each diet group

(Fig. 5D). VAT displayed robust transcriptional alterations in response to the obesogenic diet, with a total
of 666 DETs in the MC-HFD group compared to the control group (Fig. 5A). Unlike the results for liver,
downregulated transcripts dominated with the number of upregulated DETs being roughly half that of
downregulated DETs. A clear separation between groups was also visible in the heatmap, however the
MC-HFD group showed more heterogeneous expression patterns, particularly evident in pigs number 25
and 29 (Fig. 5C). Only one transcript, fatty acid synthase (FASN) was differentially regulated in both VAT
and liver (downregulated in both tissues), underscoring the highly tissue-specific transcriptional
responses of VAT vs. liver in response to 11 weeks of MC-HFD feeding. A possible reason for the lack of
differential regulation in the heart could be a combination of high within-sample variability, as observed
in the PCA (supplementary Fig. 4S B), and the low number of biological replicates (control = 4, MC-HFD =
3), making it more challenging for the model to distinguish within-group from between-group variability.
Whereas the results showed a large number of DETs in VAT, none were found in SAT. This suggests that
the dietary intervention induced transcriptomic-level changes in VAT that were strong enough to be
detected as statistically significant. In contrast, while the diet may have also caused some changes in
SAT, the effect was likely weaker, as indicated by the absence of clear separation between the diet
groups in the PCA (supplementary Fig. 4S A), and did not reach statistical significance.
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While the RNA-seq data are resolved and statistically tested at the transcript level (forming the basis of
the PCA plots, volcano plots and heatmaps (Figs. 4 and 5)), we aggregated the data to the gene-level for
subsequent enrichment and network analysis to obtain a gene level overview of the impact of obesity on
gene expression (Figs. 6-10).

GO and KEGG enrichment analysis

For each tissue dataset, DETs aggregated at the gene level were further explored through functional and
pathway enrichment analysis using GO and KEGG annotations. GO analysis for VAT showed that
upregulated genes were dominated by terms associated with protein synthesis, such as cytosolic
large/small ribosomal subunit, cytoplasmic side of rough endoplasmic reticulum membrane and
structural constituent of ribosome, and terms related to mitochondrial electron transport chain,
spliceosome and extracellular matrix. In contrast, the downregulated genes in VAT, although twice as
many as the upregulated genes, yielded limited enrichment results, with only two significant terms
identified within the CC (cellular component) category associated with G-protein complex and neuro
compartments (Fig. 6A). In the liver, negative regulation of cell growth, plasma lipoprotein associated
processes and glycosaminoglycan binding were overrepresented among upregulated genes, while
downregulated genes were significantly involved in metabolic processes including fatty acid
biosynthesis and amino acid catabolic processes (Fig. 6B). KEGG analysis revealed that in VAT,
pathways including oxidative phosphorylation, ribosome, thermogenesis, and diabetic cardiomyopathy
were significantly overrepresented among upregulated genes, whereas downregulated genes were
enriched only in glutamatergic synapses pathway (Fig. 6A). In the liver, upregulated genes were involved
in hormone signaling and cholesterol metabolism, while pathways such as arginine biosynthesis, fatty
acid metabolism, alcoholic liver disease and AMPK signaling pathway were overrepresented within the
downregulated genes (Fig. 6B). For both tissue datasets, KEGG pathway analysis showed concordance
with GO enrichment results. The complete results are available in supplementary file 5.

PPl network analysis
VAT

The interactions between VAT DETs aggregated at the gene level were explored with a PPI network
constructed using STRING database and visualized in Cytoscape (see supplementary Fig. 5S). A total of
472 nodes and 815 edges were identified, with the interactions showing a significant enrichment (P =
1.15x1078), likely reflecting biologically meaningful and coordinated transcriptional responses in our
study. The MCL algorithm identified 28 clusters (minimum group size = 4) within the network, of which
seven were selected for further analysis (Fig. 7). The selection was based on clusters that were involved
in processes or pathways also identified in the overrepresentation analysis. Functional associations for
each cluster were obtained using KEGG and GO annotations. The list of terms identified for each cluster
is provided in supplementary file 6. As multiple terms were identified for each cluster, the term used to
annotate each cluster was chosen according to statistical significance, specificity and the extent of node
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coverage. In Fig. 7, the nodes belonging to the term used to annotate the cluster are highlighted with a
blue border. Cluster 1 was primarily linked to translation (RPL = 8, RPS = 6, EEFSEC and EIF = 3), while
cluster 2 was strongly associated with oxidative phosphorylation (NDUF = 8, COX = 2 and ATPS5 = 3).
Cluster 3 showed an enrichment in G protein-coupled receptor (GPCR) signaling pathway (GN = 6, GRK2,
GABBR1, ADRA2A, HCAR2 and PTAFR), whereas cluster 4 was significantly associated with extracellular
matrix (ECM) structural constituent (COL1A1, COL6A5, COL6A1, COL22A1 and COL27A1). Cluster 5 was
significantly associated with spliceosomal complex (LSM8, SNRP = 4, RNF113A and PPIL2), and cluster
6 was enriched in ECM (LOX, MFAPs = 2 and FBLNS5). Cluster 7, despite no significant GO or KEGG
enrichment, was selected due to the presence of FASN, the only gene regulated in both tissues. Notably,
three of the nodes (FASN, FABP4 and SLC27A1) are known to be involved in fatty acid metabolism.
Furthermore, nodes in the network were ranked using the MCC algorithm in cytoHubba plugin to screen
the top 30 hub genes. These mainly included nodes belonging to cluster 1 and 2 (Fig. 8), highlighting the
centrality of these processes in VAT regulation following 11 weeks of MC-HFD feeding.

LIVER

Similarly, a PPI network was constructed again to investigate the interactions between DE results
detected within liver samples (Fig. 9). A total of 28 nodes and 5 edges were identified, with the
interactions demonstrating a significant enrichment (P =0.0131), suggesting biologically meaningful
responses in our study, although with a low level of connectivity. Enrichment analysis to annotate the
subnetworks was performed as previously mentioned. The list of terms identified for each cluster is
provided in supplementary file 6. Subnetwork 1 was enriched in fatty acid biosynthetic process,
subnetwork 3 was linked to arginine biosynthesis and subnetwork 4 was associated with thyroxine 5-
deiodinase. Subnetwork 2, consisting of two lipases, showed no significant results. Interestingly, the
expression of FASN, an enzyme that catalyses the biosynthesis of saturated fatty acids®®), and SCD,

involved in the synthesis of monounsaturated fatty acids (MUFAS)(39), was downregulated in MC-HFD vs.
control, while expression of ELOVL2, an essential enzyme for elongation of long-chain polyunsaturated
fatty acids (PUFAS)(40), was increased. In addition, DIO1, ARG1, LIPG and ELOVL2 were included in the
top 10 DETs ranked by adjusted P-value.

Associations with obesity-related genes

We assessed the association between DE results identified in this study and obesity-related genes, using
both the top 300 genes from STRING human disease database, and genes identified through text mining
of pig-related obesity studies (see supplementary file 7). In the case of VAT, this revealed a total of 7
genes overlapping with the STRING list (fold enrichment =0.9, P = 0.63) and 11 genes overlapping with
the pig-related list (fold enrichment = 1.3, P = 0.27), amounting to 15 unique genes (see full list of genes
in supplementary file 7). Overall, this suggests limited changes in obesity-related genes for VAT. In the
liver, the analysis revealed a total of 3 genes overlapping with the STRING list (fold enrichment =6.3, P =
0.01) and 5 genes overlapping with the pig-related list (fold enrichment = 8.6, P = 0.0003), yielding a total
of 6 unique genes (FASN, SCD, DIO2, DIO1, PCSK9 and GHR). Unlike the findings in VAT, these results
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indicate that a higher degree of genes commonly associated with obesity are dysregulated in the liver. In
Fig. 7 and Fig. 9, obesity-related genes found at the intersection are highlighted in pink.

Associations between phenotype and genes representing
core findings

For VAT, representative genes were selected on a cluster basis, considering known associations with
obesity, inclusion among the top 30 hub, or presence in the term used to annotate the cluster prioritized
by adjusted P-value, resulting in the following VAT genes: RPS29, RPL34, EEFSEC, COX7C, NDUFV2,
ATP5MF, CPE, COLTA1, COL6A1, MGP, GNAI2, GRK2, GABBR1, SNRPD2, RNF113A, LSM8, LOX, FBLNS5,
MFAP4, FABP4, FASN and SLC27AT1. For liver, a focus was given to the genes showing at least one
interaction in the network: SCD, FASN, ELOVL2, LIPN, LIPG, ARG1, GLUD1, DIO2 and DIO1.

To investigate potential associations between selected genes for each tissue and phenotypic
parameters, correlation analyses were conducted (Fig. 10). This analysis considered the phenotypic
parameters that exhibited statistically significant differences between dietary groups, i.e. BW, ABC, BMI
and BSA (see Fig. 2) and HDL, Cholesterol, SAT and VAT adipocyte area (see Fig. 3). Starting with VAT
(Fig. 10A), genes encoding for ribosomal proteins (RPs) and the translation elongation factor (EEFSEC)
showed significant correlations with all four morphometric parameters, emphasizing a strong
relationship between their expression and the phenotype of the MC-HFD pigs. Although significance was
less consistent, genes involved in oxidative phosphorylation demonstrated positive associations with the
MC-HFD pig phenotype. Moreover, the gene encoding for carboxypeptidase E (CPE) was found to be
significantly associated with BW, BMI, BSA and visceral adipocyte area. GPCR signalling-related genes
showed significant negative correlations with all four morphometric parameters. With regards to
collagen-encoding genes, decreased expression was significantly and negatively correlated with most
morphometric traits of the MC-HFD pigs. Of the other ECM-related genes, MGP and LOX showed strong
and positive associations with morphometric parameters and visceral adipocyte area. MFAP4 and
FBLNS also showed some significant associations, further suggesting an involvement of ECM
components in the phenotype of MC-HFD pigs. Overall, genes associated with the spliceosome
demonstrated a strong positive association with the traits of MC-HFD pigs. Lastly, among the genes
involved in fatty acid metabolism, FASN and SLC27A1 demonstrated inverse associations with the
phenotype, although not significant for all phenotypic traits. In the liver (Fig. 10B), genes related to fatty
acid biosynthesis exhibited a general trend of inverse association with the phenotype, while not
consistently reaching significance across all morphometric traits. Similarly, expression of LIPG and LIPN,
genes encoding for lipid-hydrolysing enzymes, demonstrated mostly strong and positive correlations
with morphometric parameters. Notably, increased expression of ELOVL2 and LIPN was strongly and
positively associated with greater subcutaneous adipocyte area in MC-HFD pigs. Finally, ARG1 and DIO1
expression was strongly correlated with BW, BMI and BSA, with ARG1 showing also a significant and
inverse association with visceral adipocyte area. For details on correlation coefficient and statistical
significance see supplementary file 8.
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Discussion

The current study aimed at investigating tissue-specific signatures at the transcriptomic level, following
a 11-week diet intervention with increased calories, fat, fructose and cholesterol, using the Ossabaw pig
as a model for human obesity. Four metabolism-relevant tissues, liver, heart, visceral and subcutaneous
white adipose tissue, were chosen for deep RNA sequencing analysis. We established that Ossabaw
pigs subjected to a relatively short duration obesogenic diet with medium cholesterol content (MC-HFD)
exhibited a 42% increase in BW relative to the control animals. While body composition was not
assessed, the MC-HFD pigs also exhibited a significant increase in ABC. This morphometric parameter
has been suggested to correlate significantly with visceral fat in this pig breed®), providing evidence of
central obesity in this experiment. Currently, there is no accepted index to quantify truncal adiposity in
pigs, although BSA has been used by Curtasu®®?) and BMI by Neeb®") as an additional measure. In this
study, both parameters were increased in MC-HFD pigs, when compared to the controls. Consistent with
increased adiposity, adipocyte expansion by hypertrophy was observed both in SAT and VAT, a change
associated with adipocyte dysfunction and consequently adverse metabolic outcomes®2). Concerning
lipid levels in circulation, overt dyslipidemia was not observed, although cholesterol increased, LDL only
tended to increase and HDL also increased in the MC-HFD group, and TG levels were unchanged. Even

though dyslipidemia in pigs can involve increases in HDL, the rise in LDL is typically more pronounced®
43)_ This was not the case in our MC-HFD pigs, as LDL/HDL was significantly decreased compared to the

controls (results not shown). The 0.5% cholesterol content used in the present study is lower than
recommended to induce significant changes in the lipid profile in pigs?). In fact, Ossabaw pigs fed a
short-term (9-10 weeks) high fat diet with 2% cholesterol achieved increased LDL/HDL ratio(® 44). In
addition, the MC-HFD diet did not result in insulin resistance, as assessed by HOMA-IR (results not
shown), nor did it impair long-term glucose control, as confirmed by unaffected fructosamine levels.
Dysregulation of insulin and glucose metabolism is usually demonstrated in the Ossabaw breed after 5-
6 months of obesogenic diet, and typically a weight gain of 60% compared to matched controls is
necessary®3. The MC-HFD diet used here was also used to induce obesity in adolescent Gottingen
minipigs('®). In that study and in contrast to the present study, the feeding was performed ad /libitum for
the MC-HFD group and restricted for the control pigs (250g/day), for a period of 12 weeks and MC-HFD
fed animals were found to be 2.4 times heavier than the control and showed increased LDL/HDL ratio,
however, only a tendency to decreased insulin sensitivity (assessed by HOMA-IR) in MC-HFD males. The
obtained dyslipidemia in this study('®) is most likely attributable to the ad /ibitum feeding in the MC-HFD
group, which also resulted in a substantial weight and body fat (~ 40% attained in MC-HFD) difference
between the groups, likely accelerating the metabolic disturbances.

The absence of dyslipidemia, insulin resistance and glucose intolerance, despite evidence of increased

body fat accumulation, is characteristic of a human obesity sub phenotype referred to as metabolically

healthy obesity (MHO)®*2 which has been demonstrated previously in Ossabaw pigs* 4%). The presence

of hypertrophic adipocytes without evidence of metabolic disturbances, including no clear signs of

dysregulated lipolysis at the expression level, may support the notion that adipocytes are expandable at
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least until a certain point. Furthermore, the serum concentration of CRP, a marker of inflammation and
obesity(*®), was not increased. Adipokine data showed a non-significant trend toward increased serum
leptin in MC-HFD pigs at week 11 (supplementary Fig. 7S). Leptin is known to increase with adiposity in
pigs, similar to humans®’48). In contrast, adiponectin, also reported to be regulated with obesity in

pigs” 48) was unaffected by MC-HFD feeding (supplementary Fig. 7S). Therefore, based on the
phenotypic data we suggest that the MC-HFD pig model represents an obese, pre-MetS state.

Transcriptomic signatures analysed in diet-induced obesity studies in pigs have been widely conducted,
however, in most cases, achieving a MetS state('2-19)_ Although a couple of studies have described

(44.45) this, to our knowledge, is the first study to characterize

partial MetS states in obese Ossabaw pigs
global transcriptomic changes in liver and VAT in a model believed to represent an obese, pre-MetS

state.

Despite hypertrophic adipocytes being present in SAT, no DETs were found in this tissue. Previous
studies have also reported fewer transcriptional changes in SAT than in VAT when comparing obese with
non-obese individuals?. The smaller number of DETs observed in the liver compared to VAT confirms
the primary role of adipose tissue in responding to lipid and energy surplus, making it more
transcriptionally dynamic, whereas the liver, as being central to metabolic regulation, can be expected to
show a more modest transcriptional response in the early state of obesity. Supporting this, we found
only a single shared DET (FASN) between the two tissues, which emphasizes the highly tissue-specific
nature of the early response to obesity. On the other hand, DE results in liver were strongly enriched in
obesity-related genes, while this was not the case in VAT. This suggests that, although the liver may
exhibit a more limited response, the changes it undergoes are more strongly aligned with alterations
typically associated with obesity. Thus, overall, the significantly enriched and densely connected network
for VAT points to a robust and highly coordinated response to the MC-HFD diet, involving processes not
captured by the obesity gene sets used. These observations align with results in mice, where metabolic

complications resulting from obesity first showed up in the liver and then in the AT("?),

We found FASN expression was 3-fold (VAT) and 2.4-fold (liver) lower in MC-HFD than in control pigs.
Decreased expression of this lipogenic enzyme was also reported for human overweight and obese
subjects®?). In line with this, dietary fats have been reported to inhibit de novo lipogenesis (DNL) in AT in
pigs®V), however another study found that pigs fed ad /ibitum with the MC-HFD diet showed increased
expression of lipogenic genes('®). Growing evidence links DNL products to maintenance of insulin
sensitivity®?), and we also identified the downregulation of a cluster highly associated with insulin
signalling pathway in the VAT network. Thus, our findings suggest that obesity is associated with both

downregulation of DNL and impairment of insulin signalling in VAT. Curtasu®") and Polakof(®® did not
report an increase in hepatic FASN expression after a high fat and high fructose diet in minipigs.

Increased intake of dietary fat inhibits liver FASN expression3®, and we also find negative correlations
between obesity (morphometric parameters) and the expression of FASN as well as with SCD, an

enzyme suggested to promote DNL®%). On the other hand, increased expression of liver FASN has been
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linked to insulin resistance and liver steatosis in obese subjects(®®. We hypothesize that in the MC-HFD
pigs, the hepatic downregulation of enzymes essential for DNL is a mechanism to maintain hepatic lipid
homeostasis.

VAT DET enrichment and network analysis

As noted above adipocytes of the VAT were significantly enlarged in the MC-HFD pigs. Enrichment and
network analysis of DE results in VAT revealed an upregulation of the oxidative phosphorylation pathway,
with several genes encoding mitochondrial respiratory chain enzymes identified among the top 30 hub
genes, indicative of mitochondrial activation. Whole blood transcriptomics of healthy obese (no MetS)
showed that oxidative phosphorylation pathways were upregulated in comparison with healthy lean
individuals(®®). Also, non-diabetic obese individuals were found to maintain or elevate mitochondrial
function, while individuals with T2D and NAFLD exhibit reduced hepatic ATP production and
mitochondrial dysfunction(57), consistent with downregulation of electron transport chain genes in VAT
of obese women with T2D but not if T2D was not present®). This suggests that mitochondrial
dysfunction is associated with advanced MetS. Thus, the increase in mitochondrial oxidative capacity
observed in our data suggests a metabolically healthy reaction to excess lipid influx. Preliminary data
(see supplementary Fig. 6S A) pointed to an increase in beige adipocytes in VAT of MC-HFD pigs,
indicative of energy uncoupling. Pigs have a non-functional UCP1 gene, which in most mammals is
responsible for energy uncoupling, however, the existence of beige adipocytes has been reported in
pigs(®®). Notably, KLF11, a gene responsible for inducing the differentiation of beige adipocytes has been
found significantly upregulated in the MC-HFD pigs. Beige adipocytes are associated with improved
metabolic health®?), further supporting the notion that MC-HFD pigs undergo a healthy remodelling of AT
in response to high lipid intake. In contrast with our findings, studies by Chattopadhyay(®® and Yin(®")
reported reduced mitochondrial oxidative capacity in SAT from obese human individuals, compared with
control subjects. In addition to putative species-specific differences, this discrepancy could be attributed
to differences in adipose tissue depots, in metabolic health and/or in the methods employed
(transcription vs. activity).

The analysis of DE results in VAT also revealed a significant enrichment of processes associated with
protein synthesis, with 13 upregulated ribosomal protein (RPs) genes, key components of ribosome
biogenesis, identified among the top 30 hub genes, some of which also significantly correlating with the
morphometric parameters and supported by human evidence(®® 2. We observed both upregulation
(EIF3H) and downregulation (EIF3L, EIF4H, EEFSEC) of translation initiation and elongation factors, with
EEFSEC expression showing a strong association with the MC-HFD phenotype. Taken together we
hypothesize that the regulation of ribosomal proteins in VAT reflects an adjustment in the translational
machinery necessary to support protein synthesis demands during adipocyte expansion®2, however no
clear evidence for regulation of protein synthesis per se.
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Our analysis also identified a cluster in VAT associated with GPCR signalling (cluster 3), in which most
genes were downregulated and showed significant correlations with all morphometric traits. GRK2
encodes a kinase that phosphorylates the beta-adrenergic receptor, reducing its activity, and GNAI2
encodes a G-protein subunit that inhibits adenylate cyclase thereby decreasing cAMP levels. Beta-
adrenergic receptor and cAMP signalling play a key role in stimulating lipolysis and regulating
thermogenesis, and alterations in these pathways have been associated with obesity(®3. Thus, while our
findings do not establish how GPCR signaling pathways are altered, they highlight the importance of
processes modulating energy balance and fatty acid metabolism in the phenotype of MC-HFD pigs. This
is supported by data from humans where GNAI2 and GRK2 were upregulated in obese adipose tissue,

whereas expression of GABBR1 was unaffected(®* 6% Notably, GNAI3, another adenylate cyclase
inhibitor, was upregulated in MC-HFD pigs.

ECM remodelling is suggested to be associated with early phases of adipose tissue expansion®®. In our
data, VAT cluster 4 displayed significant downregulation of genes encoding collagens, the most
abundant ECM protein class. Excessive and sustained deposition of collagen increases ECM rigidity,
leading to ineffective storage of lipids and eventually promoting insulin resistance®®). This is not seen in
the MC-HFD pigs in our study, which is in partial contrast to human obesity where adipose expression of
COL6A1 was found to be increased(®* 6% Contrary to the collagen genes, LOX showed an increased
expression and was significantly associated with a greater visceral adipocyte area in MC-HFD pigs. LOX

(67)

is an enzyme crucial in fibrosis development, cross-linking collagen and elastin'®”/, and has been found

increased in adipose tissue of obese individuals®* %), This might suggest that in our pig model VAT is in
a transitional state preceding persistent ECM expansion, which could explain why the matrix remodelling
signature did not distinguish between the diet groups (see supplementary Fig. 6S B). Lastly, MGP, ranked
as the top1 DET based on adjusted P-value, a matrix-associated protein calcification inhibitor, was
significantly upregulated and showed strong correlations with all morphometric traits and visceral
adipocyte area. This gene has been shown to be upregulated in human obesity(®* %, and knockout
studies in mice have demonstrated its important role in lipid turnover in adipocytes(©®.

Both enrichment and clustering analysis revealed an overall upregulation of splicing machinery-
associated genes, with some major spliceosome components (LSM8 and SNRDP2), and a minor
spliceosome component (RNF113A) showing significant correlations with the morphometric parameters
of the MC-HFD pigs. Downregulation of pre-adipocyte spliceosome genes has been demonstrated in
obese individuals with insulin resistance, when compared with obese individuals®®. Therefore, our
findings seem to be consistent with the interpretation that the MC-HFD pigs represent a pre-MetS model.

Lastly, the cluster linked to fatty acid metabolism (cluster 7) in VAT showed an overall downregulation,
except for FABP4, an intracellular chaperone for fatty acids and capable of activating lipase, increased
levels of which have been strongly associated with obesity and insulin resistance’%. Consequently,
inhibition of FABP4 has been shown to increase insulin sensitivity(m). However, no correlation between
FABP4 upregulation and the phenotypic traits of the MC-HFD pigs was observed in our study. On the
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other hand, SLC27A1, also known as FATP1 (long-chain fatty acid transport protein) expression was
significantly and inversely associated with some phenotypic parameters of the MC-HFD pigs, and it is
shown to be downregulated in human obesity and associated with insulin resistance®* %), In
adipocytes, this protein translocates to the plasma membrane in response to insulin, facilitating cellular
fatty acid uptake(’") and maybe promoting lipid accumulation in adipocytes(’?. Reduced expression of
SLC27A1 in MC-HFD pigs could represent an early adaptive response aimed at limiting lipid storage in
VAT. In mice, SLC27A1 knockout protected against diet-induced obesity and insulin resistance(’3).

Notably, and in sharp contrast to what has been demonstrated in hypertrophic adipocytes”¥, our results
show no evidence of a distinct inflammatory environment in VAT from MC-HFD pigs (see supplementary
Fig. 6S B), consistent with the phenotypic data showing no elevation in the levels of CRP in the MC-HFD
group compared to the control. These findings further support the assumption that the MC-HFD pigs
represent a pre-MetS model.

Liver DET enrichment and network analysis

No hepatic pathology (histology (data not shown)) was observed after 11 weeks of MC-HFD feeding.
However, analysis of liver DE results revealed a significant enrichment of fatty acid biosynthetic process
genes (subnetwork 1) among the downregulated genes in the MC-HFD group. While DNL related genes
such as SCD and FASN were downregulated, ELOVL2, however, was upregulated and significantly
correlated with BMI and subcutaneous adipocyte area. Studies in mice!”® and zebrafish(’®) have shown
that ablation of ELOVL2 indirectly led to transcriptional activation of DNL resulting in marked hepatic
lipid accumulation and development of fatty liver disease(’®). Thus, the observed upregulation in the liver
of MC-HFD pigs might downregulate lipogenesis. Although our data do not unveil the balance between
lipid/fatty acid uptake, biosynthesis, oxidation, and secretion, we speculate that the observed regulation
of SCD, FASN and ELOVL2 may reflect a protective mechanism aimed at maintaining hepatic lipid
homeostasis. Liver’s subnetwork 2 was not functionally enriched in any GO or KEGG terms, however, the
genes, particularly encoding for endothelial lipase (LIPG), were strongly associated with the phenotype
of the pigs. In the liver, LIPG plays a central role in hydrolysing HDL-associated phospholipids for
cholesterol clearance!””). In contrast to findings in humans and mice, where LIPG expression typically

shows an inverse correlation with HDL levels(’”), we observed increased hepatic expression of LIPG
alongside elevated HDL concentrations, although no direct correlation was detected. This might suggest
species-specific differences in HDL metabolism, as also indicated by the generally observed tendency
for increased HDL levels in dyslipidemic pigs(® 2'-43). However, LIPG expression was significantly
correlated with all morphometric traits of the MC-HFD pigs, suggesting it reflects a broader response to
lipid imbalance. Another process found dysregulated in the liver of our MC-HFD-fed pigs was amino acid
metabolism (subnetwork 3), with a coordinated downregulation of ARG1 and GLUD1, key enzymes in the
urea and the TCA cycle, respectively’®), hence maybe reflecting a shift away from amino acid

catabolism. Inhibition of ARG1 has been shown to reduce hepatic lipid accumulation’® and the
observed downregulation of ARG1 might function to secure availability of hepatic L-arginine, possibly to
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maintain NO production. In addition, amino acids play a central role in supplying carbon for hepatic TCA
cycle and fatty acid synthesis at least in mice, and thus reduced amino acid catabolism could limit
lipogenesis(®?). Notably, ARG1 expression was significantly and negatively correlated with several
phenotypic traits of the MC-HFD pigs, also suggesting this gene to be associated with hepatic responses
to increased lipid burden. Lastly, deiodinase activity represented by both DIO1 and DIO2 (subnetwork 4)
was significantly upregulated in MC-HFD pigs. Here, only DIO1 expression was positively correlated with
phenotypic traits, specifically BW, BSA and BMI, suggesting an increased association with body size
rather than with more direct measures of adiposity, such as ABC or adipocyte area. In obese mice,
hepatic DIO1 expression and activity were increased, coinciding with lipid accumulation in the liver, and
liver-specific knockdown of DIO1 combined with an obesogenic diet resulted in increased hepatic
triglycerides and cholesterol when compared to wild-type, obesogenic-fed mice®". Thus, the observed
increase in hepatic DIO1 may reflect an early mechanism in response to the lipid influx aimed at
preserving liver homeostasis in the MC-HFD pigs.

However, several limitations should be considered when interpreting the findings. The relatively small
number of animals included in the experimental groups limits the generalization of our findings.
Furthermore, key metabolic organs such as skeletal muscle and brain were not included in this study,
limiting our ability to assess whole-body metabolic adaptations in response to the diet intervention. The
inclusion of male castrated pigs may not capture the full spectrum of metabolic responses, as sex
differences in metabolic responses are well documented, thus, limiting the generalization of our results.

Overall, we propose that metabolic flexibility is still preserved at this stage in MC-HFD pigs. However,
additional functional studies are required to determine whether the observed molecular changes
represent compensatory adaptations or early indications of metabolic dysfunction.

Conclusions

This study provides a detailed characterization of early transcriptomic adaptations associated with
increased adiposity preceding the onset of systemic metabolic dysfunction. The MC-HFD pigs developed
truncal obesity, as indicated by a modest but statistically significant increase in ABC and marked
adipocyte hypertrophy in SAT and VAT, while maintaining a metabolically healthy status. The limited
changes observed in obesity-related transcripts in VAT, particularly the absence of inflammation, support
the classification of MC-HFD pigs as being in a pre-MetS state. In VAT, we propose that transcriptional
alterations related to energy metabolism reflect adaptive responses to increased lipid intake, while
modifications in ECM components suggest a transitional state preceding sustained matrix expansion. At
the same time, changes in lipid metabolism may represent compensatory mechanisms aimed at
preventing adipocyte overfilling, accompanied by early signs of altered insulin signalling. In contrast, the
liver exhibited a transcriptional profile more closely linked to obesity, showing strong evidence of
suppressed DNL-associated transcripts, potentially reflecting an adaptive mechanism to preserve
hepatic lipid homeostasis, which is consistent with the absence of histopathological abnormalities.
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Experimental setup. Male, castrated miniature Ossabaw pigs randomized into two groups: a control
group fed a chow diet, and a group fed a medium cholesterol, high-fat, high-fructose diet (MC-HFD) for
11 weeks. A transition period was implemented to gradually adjust the MC-HFD pigs to the fat feed. BW
and ABC were measured, and blood samples were collected from all animals throughout the study. At
necropsy, tissues sampled included liver, heart, VAT and SAT. Created using Biorender.com

A B
KKk t 3
60 100 -
(o}
o) ]
0 80 - e
40 - °®
2 § 60-
4 ® )
m M 40-
20 - <
20—
0- 0-
-4 1" -4 10
Di k i
iet wee Diet week © MC-HFD
C D @ Control
50 1 kK 1.5 ook
40 -
o~ @ o0
e
% 30 0 NE
= ]
E 20- o
10
0_
-4 10 -4 11
Diet week Diet week
Figure 2

Morphometric parameters measured at the start and end of the study. Statistical significance between
control (n=5) and MC-HFD (N=8) group at individual time points was determined with unpaired Welch’s t-
test and Holm-Sidak corrections (*P < 0.05, **P < 0.01, ***P < 0.001). Error bars depict standard error of
the mean (SEM). Circumference measurements were not taken at week 11, therefore, week 10 were used
instead. BW: body weight. ABC: abdominal circumference. BMI: body mass index. BSA: body surface
area.
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Blood biomarkers of MetS and inflammation measured in fasting serum samples from the start and end
of the study, and adipocyte area of VAT and SAT sampled at necropsy.Statistical significance between
control (n=5) and MC-HFD (n=8) group at individual time points was evaluated with unpaired Welch’s t-
test, for normally distributed data, and Holm-Sidak corrections. For not normally distributed data a non-
parametric alternative (Mann-Whitney test) was used (*P < 0.05, **P < 0.01). To test group differences in
average adipocyte area, an unpaired two-tailed Welch’s t-test was performed for SAT dataset, while the
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non-parametric test was used for VAT dataset. Error bars depict SEM. LDL: low-density lipoprotein. HDL:
high-density lipoprotein. CRP: C-reactive protein.
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Figure 4

PCA of RNA-seq data. PCA plot of RNA-seq data organized by tissue and group (A), from liver (B)and AT
depots (C). Data points indicate a pig sample. Colour: diet group. In (A) tissue type is indicated by circles,
in (B)and (C), diet groups are encircled. Axes depict PC1-2, including the % of variance explained. RNA-
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seq data used for PCA was pre-processed by filterByExpr using the default settings, followed by CPM for
normalization and log2 transformation. To perform PCA analysis prcomp was used with the default
settings. Stat_ellipse was used to compute an ellipse assuming a multivariate normal distribution.
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Figure 5

Differential expression analysis of RNA-seq data from VAT and liver. Volcano plot showing DETs in MC-
HFD vs. control for (A) VAT and (B) liver. Statistical significance:élog,FCi> 1 and P.adj < 0.05. Color:
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upregulated in red, downregulated in green, non-significant in grey (MC-HFD vs. controls). Two-way
hierarchical clustering heatmap of DETs in (C) VAT and (D) liver. Each column corresponds to a sample
and each row to a transcript. Transcript expression values were normalized and log2-transformed. Z-
score reflects the scaled expression of each transcript across the samples. Colour: red for higher
expression and green for lower expression (MC-HFD vs. controls). Columns are labelled with the
corresponding pig identification (Pig ID) at the bottom and colour coded according to diet group at the
top.
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Figure 6

GO and KEGG enrichment analysis of DETs summarized at the gene level. (A) Overrepresentation
analysis of DE results in VAT. (B) Overrepresentation analysis of DE results in liver. Left panels in red
shows overrepresented terms in significantly upregulated genes (MC-HFD vs. control, P.adj < 0.05,
log,FC = 1). Right panels in green show overrepresented terms in significantly downregulated genes
(MC-HFD vs. control, P.adj < 0.05, log,FC =< -1). Each separate compartment corresponds to one of the
three GO categories (CC, MF or BP) or KEGG. Color gradient: degree of significance by adjusted P-value.
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Figure 7

Clusters identified in VAT PPI network. The figure illustrates seven selected functional protein interaction
clusters, identified using the Markov Cluster (MCL) algorithm through the clusterMaker2 plugin and
visualized with Cytoscape software. Clusters are identified by numbers 1-7. In the network, nodes
represent proteins and edges indicate functional or physical protein interactions, with edge thickness
indicating the strength of supporting data. Node colors represent log2FC expression changes (MC-HFD
vs. control). Pink gene symbols indicate that the node is present at the intersection between DE results
and obesity-related genes. Blue border indicates which nodes belong to the GO or KEGG term used to
annotate the cluster. All clusters were displayed in a degree-sorted circular layout, where the node with
the highest number of interactions (degree) is positioned at 6 o'clock, and the remaining nodes follow
counterclockwise in descending order.
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Figure 8

Hub analysis in VAT PPI Network. The top 30 core proteins in the VAT network were identified using the
MCC algorithm via the cytoHubba plugin and visualized with Cytoscape software using a degree-sorted
circular layout, where the node with the highest number of interactions (degree) is positioned at 6
o'clock, and the remaining nodes are arranged counterclockwise in descending order of interactions
(degree value). Nodes represent proteins and edges indicate functional or physical protein interactions.
Node colors follow a gradient based on the MCC score, ranging from yellow (lowest) to red (highest).
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Figure 9

PPI network of liver DETs summarized at the gene level. Network was constructed using STRING
database and visualized through Cytoscape software. Nodes represent proteins and edges indicate
functional or physical protein interactions, with edge thickness indicating the strength of supporting
data. Node colors represent log2FC expression changes (MC-HFD vs. control). A threshold of 0.4 was
chosen for the edge confidence. The network includes 28 nodes and 5 edges, with a significant number
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of interactions observed (P = 0.0131). Subnetworks are identified by numbers 1-4. Pink gene symbols
indicate that the node is present at the intersection with obesity-related genes.
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Figure 10

Correlation between gene expression and phenotypic traits. The heatmap shows Spearman correlation
between the expression of the selected genes (normalized and log,-transformed) and phenotypic
parameters that differed significantly between diet groups. Blue squares indicate negative correlation
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coefficients and orange squares positive ones. X’ indicates a non-significant correlation after Benjamini-
Hochberg (BH) correction. In case of missing values, the association is computed based on pairwise
completeness for each variable pair. (A) Correlation with VAT selected genes. (B) Correlation with liver
selected genes. CHOL, cholesterol.
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