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A B S T R A C T

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a major cause of morbidity, 
linked to obesity, type 2 diabetes, and cardiovascular disease. Psoriatic disease (PsD), a chronic inflammatory 
condition, often coexists with MASLD, exacerbating systemic inflammation and cardiometabolic risk. Apremilast, 
a selective PDE4 inhibitor approved for PsD, may provide additional metabolic benefits by improving weight, 
lipid metabolism, and insulin sensitivity.
Objective: To evaluate the effects of apremilast on metabolic dysfunction, hepatic steatosis, and systemic 
inflammation in PsD patients with metabolic comorbidities, and to investigate mechanistic impact in a murine 
model of diet-induced MASLD.
Methods: Twenty PsD patients treated with apremilast were stratified by metabolic comorbidities. Glucose 
metabolism and liver function were monitored for 6 months. In parallel, C57BL/6 J mice were fed chow or GAN 
diet. After 14 weeks, apremilast (10 mg/kg/day) was administered for two weeks. Body weight, adiposity, liver 
biomarkers, insulin resistance, histology, and proteomics were evaluated.
Results: In PsD patients with comorbidities, apremilast reduced fasting insulin, HOMA-IR, transaminases, and the 
hepatic steatosis index. GAN-fed mice developed steatosis, increased fat mass, and elevated alanine 

Abbreviations: NAFLD, non-alcoholic fatty liver disease; DM2, type 2 diabetes; HTA, hypertension; MetS, metabolic syndrome; NASH, non-alcoholic steatohe
patitis; CVD, cardiovascular disease; MASLD, Metabolic dysfunction-associated steatotic liver disease; PsA, psoriatic arthritis; Pso, psoriasis; PDE4, phosphodiesterase 
4; HDL, high Density Lipoprotein; MTX, methotrexate; IR, insulin resistance; BMI, body mass index; H&E, Hematoxylin and eosin; PSR, picrosirius Red; PEA, 
proximity extension assay; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HOMA-IR, homeostatic model assessment for insulin resistance; MWAT, 
mesenteric adipose tissue; IWAT, inguinal adipose tissue; EWAT, epididymal adipose tissue; GAN diet, Gubra-Amylin NASH diet; CHOW diet, standard chow diet; 
PCR, polymerase chain reaction; SPLSDA, Sparse Partial Least Squares Discriminant Analysis; LDL, low-Density Lipoprotein; HbA1c, Glycated Hemoglobin A1c; PsD, 
Psoriatic Disease; DAPSA, the Disease Activity in Psoriatic Arthritis; TG, triglycerides.

* Correspondence to: GC-05 Group, second floor, IMIBIC, Avda. Menendez Pidal s/n, Córdoba 14004, Spain.
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aminotransferase (ALT) and HOMA-IR levels. Apremilast reduced body weight, ALT, insulin resistance, and 
hepatic fat. Histology confirmed a decrease in fibrosis. Proteomic profiling showed modulation of inflammatory, 
fibrotic, and lipid metabolic pathways, partially reversing GAN-induced proinflammatory signatures in liver, 
adipose tissue, and muscle.
Conclusions: Apremilast ameliorates hepatic dysfunction, improves insulin sensitivity, and reduces systemic 
metabolic dysfunction in a murine MASLD model. These findings support its therapeutic potential in PsD patients 
with metabolic disease, offering both anti-inflammatory and metabolic benefits.

1. Introduction

Liver disease represents one of the leading causes of morbidity and 
mortality worldwide [1,2]. A meta-analysis of studies conducted be
tween 2006 and 2014 estimated a 25.3 % prevalence of NAFLD in the 
general population, mostly based on studies in Western populations. 
Meanwhile, a study published in 2023 reported a 38 % prevalence of 
hepatic steatosis in the general population [3]. In 2023, the term NAFLD 
was proposed to be replaced with MASLD (Metabolic 
dysfunction-associated steatotic liver disease), acknowledging that the 
excessive accumulation of fat in the liver is closely linked to the presence 
of at least one cardiometabolic risk factor, in the absence of harmful 
alcohol intake [4]. Over the course of its clinical progression, MASLD 
goes through various stages. The first sign of liver damage is steatosis 
characterized by the excessive accumulation of lipids in hepatocytes. 
This condition may progress into inflammatory processes, early and 
advance fibrosis, and in its more advanced stages, leading to cirrhosis or 
hepatocellular carcinoma [5]. Metabolic comorbidities frequently 
associated with this disease include obesity, type 2 diabetes (DM2), 
hyperlipidaemia, hypertension (HTA), and metabolic syndrome (MetS). 
In the recent years, a growing body of evidence suggests that patients 
with Psoriatic Disease (PsD) including psoriatic arthritis (PsA) and 
Psoriasis (PsO), present a higher prevalence of liver dysfunction 
compared to the general population. In these patients, hepatic steatosis 
can be considered an extra-articular manifestation, reflecting a 
connection between systemic inflammation and the metabolic comor
bidities associated with this condition. Its presence is associated with 
greater clinical activity and deterioration of the cardiovascular profile 
[6–9].

Our research group has recently shown that the increased risk of 
hepatic steatosis and fibrosis in PsA patients is not only linked to car
diometabolic comorbidities but also to disease-specific factors like 
psoriasis, onychopathy, and systemic inflammation, independently of 
methotrexate use. In addition, we observed that targeted therapies such 
as anti-JAK or anti-PDE-4 may offer promising benefits for PsA patients 
with liver dysfunction [10]. Therefore, since cardiometabolic comor
bidities are highly prevalent in MetS, it is reasonable to expect that 
hepatic steatosis further increases cardiovascular risk in patients with 
PsA, which is the leading cause of morbidity and mortality in these 
patients.

The therapeutic approach against PsD includes drugs that not only 
control inflammatory activity and psoriasis but may also have beneficial 
effects on associated comorbidities. Apremilast, a selective phosphodi
esterase 4 (PDE4) inhibitor, reduces the production of proinflammatory 
cytokines involved in the pathophysiology of PsD [11] and it has shown 
promising results on reducing cardiovascular risk factors in patients 
with psoriatic disease, including improvements in body weight, fat 
distribution, lipid profiles and insulin sensitivity [11,12], providing 
metabolic and anti-inflammatory benefits in patients with PsD.

In this study, we first analyzed a real-world cohort of patients with 
PsA treated with apremilast, identifying two distinct subgroups based on 
their metabolic profile. Patients with higher metabolic bur
den—including obesity, insulin resistance, and features of metabolic 
syndrome—exhibited significant improvements in glycemic control and 
liver function markers after six months of treatment, including re
ductions in fasting glucose, insulin, HOMA-IR, transaminases, and 

hepatic steatosis index (HSI). These findings suggested that apremilast 
may exert beneficial metabolic and hepatic effects in addition to its 
known anti-inflammatory properties. To investigate further the under
lying mechanisms of these clinical observations, we designed a pre
clinical model to test the efficacy of apremilast on inflammatory markers 
of MASLD using a diet induced model of fatty liver disease.

Our results provide evidence that the use of apremilast could help 
mitigating the severity of the inflammatory signature observed in 
MASLD and reduce associated cardiovascular risk in PSD patients. For 
this purpose, we designed a preclinical model to test the efficacy of 
apremilast on inflammatory markers of MASLD using a diet induced 
model of fatty liver disease.

2. Methods

2.1. PsA patients and data collection

Clinical data from 20 PsA patients, previously included in a study 
published by our group [12], were analyzed. All patients met the CAS
PAR classification criteria for psoriatic arthritis and were recruited at the 
Rheumatology Departments of Reina Sofía Hospital in Córdoba, Spain 
[13]. The cohort included both men and women in similar proportions; 
specifically, 9 patients were women, and 6 of them (66.6 %) were 
postmenopausal, as recorded during data collection.

Of these, nine patients received apremilast monotherapy (60 mg/ 
day), while the remaining eleven were treated with a combination of 
methotrexate (13.50 ± 3.57 mg/week) and apremilast (60 mg/day). 
Data was collected at baseline and after 6 months of apremilast 
treatment.

All patients successfully completed the required questionnaires 
assessing healthy lifestyle factors as well as disease activity, specifically 
the Disease Activity in Psoriatic Arthritis (DAPSA) score and visual 
analogue scale. The DAPSA score was calculated as the sum of tender 
joint count (out of 68 joints), swollen joint count (out of 66 joints), 
patient global assessment, patient pain assessment (both on a 0–10 cm 
visual analogue scale), and C-reactive protein level (mg/dL) [14].

Laboratory parameters including fasting insulin, glucose, and liver 
enzymes (aspartate aminotransferase [AST] and alanine aminotrans
ferase [ALT]) were recorded. The homeostasis model assessment of in
sulin resistance (HOMA-IR) was calculated using the following 
standardized formula:

HOMA-IR = [fasting insulin (µU/mL) × fasting glucose (mg/dL)] / 
405

Body mass index (BMI) was calculated as:
BMI = weight (kg) / height (m)²
Obesity was defined as BMI > 30 kg/m².
Metabolic syndrome was diagnosed in patients meeting at least three 

of the following conditions according to the National Cholesterol Edu
cation Program Adult Treatment Panel III (NCEP ATP III) criteria: 
abdominal obesity (men > 102 cm; women > 88 cm), triglycerides (TG) 
> 150 mg/dL, HDL (men < 40 mg/dL; women < 50 mg/dL), blood 
pressure > 130/85 mmHg, and glucose levels > 110 mg/dL [15]. The 
Hepatic Steatosis Index (HSI) was calculated to estimate the presence of 
NAFLD using the following validated formula:

HSI = 8 × (ALT / AST) + BMI + 2 (if female) + 2 (if type 2 diabetes 
mellitus is present)
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Clustering: To distinguish patient phenotypes based on the concom
itant presence of cardiometabolic comorbidities, an unsupervised clus
tering analysis was conducted using a hard-clustering approach.

2.2. Animals and experimental design

A total of 32 male C57BL/6 J wild-type mice were used for this study, 
which was conducted under the regulations of the Animals (Scientific 
Procedures) Act 1986 Amendment Regulations 2012, following ethical 
review by the University of Cambridge Animal Welfare and Ethical 
Review Body (AWERB). The mice were housed under pathogen-free 
conditions according to UK Home Office guidelines and maintained by 
the Disease Model Core unit. They were kept in a temperature-controlled 
room (22◦C) with a 12-hour light/dark cycle and 55 % relative hu
midity, with ad libitum access to food and water. The animals were 
divided into two dietary groups: 16 mice were assigned to the CHOW 
diet, a standard diet (DS-105, Safe Diets) consisting of 64.3 % carbo
hydrate, 22.4 % protein, and 13.3 % lipid of total calories, serving as the 
control group, while the remaining 16 mice were placed on the GAN 
diet, a high-fat diet (20 % carbohydrate, 20 % protein, 60 % lipid) used 
to model NAFLD. Within each dietary group, mice were further sub
divided into two treatment groups of eight animals each, with one 
subgroup receiving vehicle treatment as the control, and the other 
administered apremilast (10 mg/kg per day). The study lasted 16 weeks, 
with dietary intervention starting at week 0, hepatic steatosis induced in 
the GAN diet group, and apremilast treatment initiated at week 14.

2.3. Treatment administration

Apremilast was administered daily via oral gavage (10 mg/kg per 
day) from week 14 to week 16, using 0.5 % carboxymethyl/0.25 % 
Tween 80 in sterile water as vehicle. The control group received an 
equivalent volume of vehicle based on body weight.

2.4. Monitoring and measurements

2.4.1. Body weight, body composition, and food intake analysis
The impact of the treatment on body weight, fat mass percentage, 

and lean mass was monitored and evaluated throughout the study. Mice 
were weighed weekly, with daily weight monitoring from week 14 to 
week 16. Lean and fat mass composition was assessed using a body 
composition analyzer. Additionally, food intake was monitored daily 
starting from the administration of apremilast, with the total amount of 
food consumed per cage recorded and normalized per mouse.

2.4.2. Tissue collection
At the end of the experimental period, mice were sacrificed via 

cervical dislocation. Tissue samples, including liver, serum, and meta
bolic tissues (epididymal, inguinal, mesenteric adipose tissue and 
gastrocnemius muscle), were collected and weighed. Samples were 
stored at − 80◦C for molecular analyses or fixed in 10 % buffered 
formalin for histopathology analysis.

2.4.3. Blood collection
Blood samples were collected, and plasma levels of alanine amino

transferase (ALT), aspartate aminotransferase (AST), glucose, and in
sulin were measured to assess liver function and metabolic status.

2.5. Histological and immunohistochemical analysis

Liver samples were processed for immunohistochemistry and histo
logical staining. Hematoxylin and eosin (H&E) staining was used to 
evaluate general liver morphology, with particular attention to fat 
infiltration (steatosis). Steatosis was assessed by identifying and quan
tifying lipid droplet accumulation within hepatocytes. The percentage of 
lipid droplets was calculated as: lipid droplet area/liver area× 100. All 

regions of interest (ROIs) analyzed were of equal size, and for each 
sample, the total lipid droplet area was obtained by summing the 
measurements from the ten ROIs. Additionally, hepatocellular injury 
and fibrosis were evaluated using Picrosirius Red (PSR) staining, which 
specifically highlights collagen deposition, allowing for the assessment 
of hepatic fibrosis. The percentage of fibrosis was calculated using the 
formula: fibrosis area/liver area× 100. Image analysis was performed 
using Fiji software (version 1.54p; Fiji Is Just ImageJ, NIH, Maryland, 
USA). Custom macros were developed to automate and standardize the 
quantification of fibrosis and steatosis. For each sample, ten randomly 
selected regions of interest (ROIs) were analyzed to quantify both the 
number and area of lipid droplets.

2.6. Assessment of insulin resistance

Insulin resistance (IR) was evaluated using the homeostasis model 
assessment (HOMA-IR), based on fasting levels of glucose and insulin. 
The HOMA-IR index was calculated according to the formula: fasting 
glucose (mmol/L) × fasting insulin (μU/mL) / 22.5, as previously 
described [16].

2.7. Protein expression analysis

Proteins were extracted from metabolic tissues, including eWAT, 
liver and skeletal muscle. Tissues were homogenized in radio
immunoprecipitation assay (RIPA) buffer containing 50 mM Tris-HCl, 
150 mM NaCl, 1 mM EDTA, 1 % Triton X-100 and 0.4 % sodium 
deoxycholate at pH 7.4. Homogenization was performed using a Retsch 
MM400 steel ball mill (Retsch, Germany) for 2 min at 25 s⁻¹ . The ho
mogenates were then centrifuged at 10000xg for 15 min at 4ºC to 
separate protein extracts, which were collected from the supernatant, 
transferred to clean tubes, and stored at − 80ºC until further analysis. 
Protein concentration was quantified using the Bradford assay. For 
serum samples, 1 µL of sample was used directly for protein expression 
analysis without prior extraction.

The expression of 92 proteins involved in inflammation, lipid 
metabolism, and glucose metabolism was analyzed using the Olink 
Target 96 Mouse Exploratory panel (Cobiomic Bioscience S.L, Córdoba, 
Spain), employing proximity extension assay (PEA) technology. This 
highly sensitive and specific method uses pairs of antibodies, each 
conjugated to unique, complementary DNA oligonucleotides. When 
both antibodies bind simultaneously to their target protein, the oligo
nucleotides are brought into close proximity and can hybridize. This 
hybridization enables a DNA polymerase to extend and form a new PCR 
target sequence, which is subsequently amplified and quantified using 
high-throughput real-time PCR. The results obtained from the proximity 
extension assay were expressed in Normalized Protein eXpression (NPX) 
units, which are relative, log2-scaled values that reflect protein abun
dance. Protein detectability varied depending on the tissue analyzed, 
with the following percentages of proteins detected above the assay’s 
limit of detection (LOD): serum 96.74 %, liver 84.78 %, eWAT 92.39 % 
and muscle 84.78 %.

2.8. Enrichment analysis and functional characterization of proteins

Proteins with a Spearman correlation coefficient |r| > 0.60 and a p- 
value < 0.001 were selected for functional analysis. Mouse proteins 
were first mapped to their human orthologs using Ensembl’s BioMart 
tool to ensure compatibility with human-based annotation resources. 
Functional enrichment analysis was performed using Enrichr and 
Enrichr-KG (Icahn School of Medicine at Mount Sinai), which integrate 
multiple databases including Gene Ontology (GO), KEGG, and Reac
tome. Enrichment results were filtered and ranked based on combined 
scores and adjusted p-values (FDR< 0.05). Visualization of enriched 
terms and functional categories was carried out using R (version 4.3.2), 
employing appropriate packages for plotting enrichment results and 
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summarizing the data.
To further investigate the biological roles, tissue-specific expression, 

and disease associations of the selected proteins, we consulted The 
Human Protein Atlas, GeneCards, and UniProt databases. These re
sources provided detailed annotations on protein localization, func
tional domains, expression patterns, and known involvement in 
physiological and pathological processes.

2.9. Statistical analysis

The normal distribution of each variable was analyzed. For com
parisons between two independent groups, Student’s unpaired t-test was 
used for parametric data, while the Mann-Whitney rank sum test was 
used for non-parametric data. For multiple comparisons, one-way or 
two-way ANOVA was used for normally distributed data, as appropriate, 
and the Kruskal-Wallis test was applied for non-parametric data. 
Spearman’s correlation coefficients were calculated to evaluate associ
ations between clinical and biochemical variables and protein expres
sion levels. In addition, linear regression analyses were performed to 
further assess the relationships between selected variables and to 
approximate potential dependency patterns among them. Data were 
expressed as mean ± standard deviation (SD). A p-value p < 0.05 was 
considered statistically significant. Protein expression data were 
analyzed using bioinformatics tools, including Python-based scripts and 
MetaboAnalyst. In MetaboAnalyst, sparse Partial Squares Discriminant 
Analysis (sPLS-DA) and loading plots were performed to identify the 
proteins that most strongly contributed to the separation between 
experimental groups. Graphs and data visualizations were generated 
using GraphPad Prism (version 9.0.1), R (version 4.3.2), and Python.

3. Results

3.1. Apremilast improves metabolic and hepatic parameters in a subgroup 
of psoriatic arthritis patients with metabolic comorbidities

We analyzed a real-world cohort of 20 patients with PsA treated with 
apremilast. Patients were stratified using supervised clustering based on 
the presence of metabolic comorbidities, which identified two distinct 
clinical subgroups. Clinical details of the patients included in the two 
clusters are described in Fig. 1A. Cluster 1 (n = 12) was composed of 
patients with low metabolic burden, showing mild signs of insulin 
resistance, while Cluster 2 (n = 8), was enriched in individuals with 
features of metabolic dysfunction, including obesity, hypertension, in
sulin resistance and metabolic syndrome, and thus possibly suspected 
hepatic steatosis (Fig. 1B). We examined the effect of 6 months of 
apremilast treatment on glycemic control and liver function, including 
fasting glucose, insulin, HOMA-IR, ALT, AST, and the hepatic steatosis 
index (HSI). Patients in Cluster 2 exhibited a significant improvement, 
reducing fasting glucose, insulin, and HOMA-IR (Fig. 1C), indicating 
improved insulin sensitivity, and also decreased ALT, AST, and HSI, 
reflecting a potential amelioration of hepatic involvement (Fig. 1D). In 
contrast, Cluster 1 patients showed no significant changes, consistent 
with their low baseline metabolic involvement.

3.2. Apremilast ameliorates GAN Diet-induced metabolic and hepatic 
alterations in mice

In our preclinical design, the use of GAN diet induced significant 
metabolic changes in mice compared to chow fed mice. A progressive 
increase in body weight was observed in the GAN group over time 
(Fig. 2A). This increase was associated with a marked increase in fat 

Fig. 1. Metabolic and hepatic effects of Apremilast in PsA patients. (A) Descriptive clinical data of PsA patients included in the two clusters at treatment initiation. 
(B) Prevalence of comorbidities in cluster 1 and 2. (C) Significant differences in the variation of glycemic parameters after six months of treatment between the two 
clusters. (D) Significant differences in the variation of hepatic parameters after six months of treatment between the two clusters. DAPSA, Disease Activity in Psoriatic 
Arthritis score; BMI, Body Mass Index; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; ALT, Alanine Transaminase; AST, Aspartate Transaminase; 
HSI, Hepatic Steatosis Index.
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mass, while lean mass did not differ significantly between groups 
(Fig. 2B).

At the biochemical level, alterations in serum biomarkers consistent 
with liver dysfunction and insulin resistance were observed. Elevated 
insulin levels were also observed, as was the HOMA-IR index, suggesting 
diet-induced insulin resistance. However, no significant differences 

were observed in glucose levels (Fig. 2C). In addition, ALT levels were 
significantly increased in the GAN group, while AST levels showed no 
statistically significant difference (Fig. 2D).

After two weeks of treatment, apremilast caused a significant 
reduction in body weight in both groups, although it was more pro
nounced in animals on the GAN diet compared to mice on the CHOW 

Fig. 2. Induction of hepatic steatosis by GAN diet and the effects of Apremilast treatment. (A) Body weight evolution (grams) over time (weeks) in mice fed with 
standard CHOW diet versus GAN diet. (B) Lean mass and fat mass (grams) measured at baseline in CHOW and GAN mice. (C) Circulating glucose (mg/dL), insulin (µg/ 
L), and insulin resistance index (HOMA-IR) in CHOW versus GAN groups. (D) Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels (U/ 
L), as indicators of liver injury, in CHOW versus GAN groups. (E) Effect of Apremilast treatment on body composition. Top left: Δ body weight loss in CHOW and GAN 
mice treated with vehicle or Apremilast. The remaining graphs show the changes in lean mass and fat mass (grams) from baseline to 2 weeks in each diet group 
(CHOW or GAN) after Apremilast treatment. (F) Weights (grams) of metabolic tissues (liver, iWAT, eWAT, and mWAT) in CHOW (left) and GAN (right) mice treated 
with vehicle or Apremilast. (G) Glucose (mg/dL), insulin (µg/L), and HOMA-IR levels in CHOW and GAN mice treated with vehicle or Apremilast. (H) ALT and AST 
plasma levels (U/L) in CHOW and GAN mice after Apremilast treatment. GAN: Gubra-Amylin NASH diet; CHOW: standard diet; Homeostatic Model Assessment of 
Insulin Resistance (HOMA-IR); iWAT: inguinal adipose tissue; eWAT: epididymal adipose tissue; mWAT: mesenteric adipose tissue. Data represent mean ± SEM. 
Statistical significance was assessed using two-way ANOVA, Mann–Whitney U test, or Wilcoxon signed-rank test, as appropriate. *P < 0.05.

Fig. 3. Serum proteomic profiling in GAN and CHOW mice reveals effects of hepatic steatosis and Apremilast treatment. (A) Volcano plot and fold change analysis of 
altered proteins from the Olink Target 96 Mouse Exploratory panel comparing GAN versus CHOW mice, highlighting significantly upregulated and downregulated 
proteins. Protein levels are expressed in NPX units (log2-scaled), based on relative quantification. (B) sPLS-DA model discriminates GAN and CHOW mice based on 
serum proteomic signatures; the corresponding loading plot displays the proteins contributing most to group separation. (C) Volcano plot and fold change of serum 
proteins comparing Apremilast-treated GAN mice versus untreated GAN mice, showing drug-induced proteomic changes. (D) sPLS-DA analysis reveals distinct protein 
expression patterns between treated and untreated GAN mice, with key discriminatory proteins shown in the loading plot. Statistical analysis was performed using a 
non-parametric t-test (Mann–Whitney U test). (E) Bubble plots showing Spearman correlation between the top 25 serum proteins (ranked by variance) and relevant 
clinical or biochemical variables. The y-axis lists the proteins, and the x-axis the clinical variables. Circle color represents the correlation coefficient (r), ranging from 
− 1 (blue) to + 1 (red), and size indicates significance (p < 0.05, black outline). Bolded protein names indicate statistically significant correlations. (F) Enrichment 
analysis of serum proteints showing strong inter-tissue correlation (|r| ≥ 0.60), performed using Enrichr. Mouse proteins were mapped to their human orthologs prior 
to analysis. Enrichment was based on KEGG Human 2021, Reactome 2022, and GO_Biological Process 2021 databases. Significantly enriched pathways are shown, 
highlighting shared biological processes potentially regulated systemically across metabolic tissues. sPLS-DA: sparse Partial Least Squares Discriminant Analysis; 
APRE: Apremilast; GAN: Gubra-Amylin NASH diet; CHOW: standard diet. Annotated protein abbreviations are displayed in Supplementary Table 1.
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diet. This reduction in GAN mice was associated with a decrease in fat 
mass, with no changes in lean mass (Fig. 2E), and regression analysis 
confirmed that the reduction in fat mass was explained by body weight 
loss (B=0.860, p = 0.009).

A significant decrease in mesenteric adipose tissue weight (mWAT) 
was also observed, with non-significant trends in epididymal (eWAT) 
and inguinal adipose tissue (iWAT) (Fig. 2F); this reduction in mWAT 
was likewise dependent on body weight loss (B=0.089, p = 0.044).

Finally, at the biochemical level, treatment decreased ALT, insulin 
and HOMA-IR levels without modifications in glucose or AST, suggest
ing a beneficial effect on liver function and insulin sensitivity in this 
model (Fig. 2G-H). Regression analyses indicated that the reduction in 
ALT was independent of body weight loss (B= − 160.786, p = 0.055), 
whereas the decreases in insulin (B=0.466, p = 0.011) and HOMA-IR 
(B=0.189, p = 0.042) were associated with body weight loss.

Serum Proteomic Changes Associated with Hepatic Steatosis and 
modulation by PDE4 Inhibition

To dissect the molecular landscape underlying the physiological al
terations driven by GAN diet and the effect driven by apremilast, we 
profiled 92 circulating and tissue-resident proteins. In serum, the in
duction of steatosis by the GAN diet caused significant alterations in the 
proteome, reflecting systemic metabolic and inflammatory imbalances. 
Among the proteins elevated in this context were chemokines and 
cytokine receptors associated with immune activation and inflammation 
(CXCL9, CCL2, CCL3, TNFRSF12A, TNF, TNFRSF11B), as well as factors 
involved in tissue remodeling (MATN2, CDH6, CLSTN2, ADAM23, 
NOTCH3, CANT1), insulin resistance (FST), fibrogenesis (PDGFB), and 
cellular stress (LGMN). Conversely, several proteins were down
regulated, including EPO, DLK1, MIA, GHRL, and IL17A, suggesting a 
suppression of repair mechanisms and homeostasis (Fig. 3A). To identify 
the proteins most strongly associated with the effect of the GAN diet, we 
applied sparse partial least squares discriminant analysis (sPLS-DA). 
This multivariate approach revealed a distinct serum proteomic signa
ture that clearly separates steatotic (GAN) from non-steatotic (CHOW) 
animals. Several of the top discriminating proteins in GAN-fed animals 
with diet-induced steatosis -such as TNFRSF11B, CXCL9, FST, TNF, 
GFRA1, ADAM23, CCL2, WFIKKN2, MIA and CCL3- are closely linked to 
inflammatory pathways, supporting the idea that these animals not only 
develop steatosis, but also exhibit signs of inflammation, as shown in the 
loading plot in Fig. 3B.

Apremilast treatment modulated the proteomic profile of mice with 
GAN diet-induced hepatic steatosis. A reduction in the expression of 
proteins previously overexpressed in a context of liver dysfunction, such 
as FST, WFIKK2 and TNFRSF11B, was observed. The reduction in FST 
suggests a potential improvement in the metabolic, and in insulin 
sensitivity. While the anti-inflammatory effect of the PDE4 inhibitor 
itself was observed in the reduction of WFIKK2 and TNFRSF11B levels. 
An increase in the expression levels of proteins involved in cell differ
entiation, endocrine signaling and tissue repair (DLK1, GHRL, MIA, 
WISP1) was also observed (Fig. 3 C). Discriminant analysis of the pro
teomic data (sPLS-DA) further confirmed a clear separation between 
untreated and apremilast-treated GAN groups, with FST, DLK1, GHRL, 
WFIKKN2, MIA, TNFRSF11B, VSIG2, MATN2, TGFB1, and EDA2R 
emerging as key contributors to group separation (Fig. 3D). In contrast, 
in standard diet (CHOW) animals treated with PDE4 inhibitor, serum 
changes were minimal, reducing the levels of cell adhesion-related 
proteins (PLXNA4, ADAM23) (Supplemental figure 1A).

Fig. 3E shows a correlation bubble plot illustrating the 25 proteins 
most strongly associated with clinical and metabolic parameters 
modulated by the GAN diet and apremilast treatment. Data from all 
experimental groups (Chow, GAN, Chow+Apremilast, 
GAN+Apremilast) were pooled to cover the full spectrum from disease 
to pharmacological reversal. Strong correlations (|r| > 0.6; p < 0.01) 
emerged between several proteins and key indicators of liver damage 
and metabolic dysfunction. Several proteins demonstrated strong and 
significant correlations with key metabolic parameters, including ALT, 

AST, HOMA-IR, and insulin. Notably, insulin and HOMA-IR levels 
strongly correlated with serum proteins such as MATN2, ADAM23, 
CCL2, TNFRF12A, CDH6, TNFRF12B, NOTCH3, CLSTN2, CANT1, CCL3, 
HGF, DLL1, IL10 and CXCL9, among others. Both AST and ALT levels 
correlated with FOXO1, PRDX5, FAS and RIOX2. Besides, ALT strongly 
correlated with MATN2, TGFB1, ADAM23, CCL2, TNFRF12A, CDH6 and 
QDPR. These findings indicate coordinated variation between circu
lating protein levels and metabolic and liver indicators (Fig. 3E). To gain 
insight into the biological significance of proteins most strongly corre
lated with clinical parameters, we performed a functional enrichment 
analysis. Mouse protein identifiers were first mapped to their human 
orthologs, and subsequent enrichment was carried out using Gene 
Ontology (GO) Biological Process, KEGG Human pathways, and Reac
tome databases.

This analysis revealed a significant overrepresentation of immune- 
and inflammation-related pathways, including signaling by interleukins, 
chemokine receptors bind chemokines, Interleukin-10 signaling, cyto
kine signaling in the immune system, Interleukin-4 and Interleukin-13 
signaling, and Cytokine–cytokine receptor interaction. Additional 
enriched categories involved protein kinase B signaling and negative 
regulation of apoptotic processes, as well as the broader cytokine- 
mediated signaling pathway. Many of these pathways have established 
roles in leukocyte recruitment, modulation of inflammatory tone, and 
regulation of hepatocyte survival, supporting their contribution to the 
alterations in body weight, insulin resistance, and liver injury observed 
in GAN-fed animals, and highlighting potential mechanisms through 
which apremilast may exert its effects (Fig. 3F).

3.3. Liver fibrosis and steatosis are attenuated by apremilast treatment

To evaluate the histopathological impact of the GAN diet and the 
therapeutic effects of apremilast, immunohistochemical analyses of liver 
tissue were conducted. As shown in Fig. 4A, GAN-fed mice exhibited a 
significantly higher percentage of hepatic fibrosis compared to control 
animals, confirming the fibrogenic effects of prolonged metabolic stress. 
Remarkably, treatment with apremilast effectively reversed fibrosis, 
leading to a significant reduction in the fibrotic area. A comparable, 
although less pronounced, reduction in fibrosis was also observed in 
CHOW-fed mice treated with apremilast, suggesting a basal antifibrotic 
effect of the PDE4 inhibitor even in the absence of dietary-induced liver 
damage.

In parallel, the evaluation of hepatic lipid accumulation (Fig. 4B) 
revealed a marked increase in intracellular lipid droplets in GAN-fed 
mice vs control group, consistent with severe steatosis. Apremilast 
treatment showed a trend toward reduced lipid droplet accumulation in 
both GAN and CHOW groups, although this did not reach statistical 
significance, suggesting a potential role of PDE4 inhibition in improving 
hepatocellular lipid handling.

Together, these histological findings support a dual action of apre
milast in the liver, mitigating fibrotic remodeling and potentially alle
viating steatotic burden, under pathological and basal conditions.

3.4. Comprehensive proteomic profiling of the liver in GAN diet and 
apremilast-treated mice

Hepatic proteomic analyses in GAN mice revealed a marked proin
flammatory environment, with alterations in inflammation-associated 
proteins (IL1A, CCL2, CCL3, CCL5, CCL20), apoptotic pathways 
(FOXO1, CASP3, TNFSF12, MAP2K6), cell adhesion and migration 
(APBB1IP, S100A4, ADAM23), lipid metabolism (PLA2G4A), cell 
signaling (AXIN1, TGFBR3, ERBB4), intracellular transport (DCTN2) 
and oxidative stress (PRDX5, QDPR) (Fig. 5A). Taken together, these 
changes suggest a widespread dysregulation of inflammation, cell death 
and liver repair mechanisms.

Fig. 5B displays the results of a sPLS-DA comparing the GAN vs. 
CHOW. This multivariate approach highlights the proteins that best 
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discriminate between GAN and CHOW liver profiles, which, in addition 
to the presence or absence of steatosis, also differ in their levels of 
inflammation and fibrosis. Key discriminative proteins include CCL2, 
TNFRSF12A, WFIKKN2, TNF, AXIN1, ADAM23, S100A4, and FST. These 
proteins form a distinct hepatic signature of GAN-induced steatosis, 
reinforcing their relevance as potential biomarkers of liver dysfunction.

Apremilast treatment significantly modulated the liver proteome, 
promoting the expression of proteins with anti-fibrotic functions and 
reducing the presence of those associated with apoptosis, oxidative 
stress and metabolic dysfunction (Fig. 5C). Although not all changes 
reached statistical significance, the fold change analysis in Fig. 5C (right 
panel) reveals that apremilast induced broad proteomic remodeling in 
the liver, affecting the expression of nearly all proteins measured. The 
significantly regulated proteins included PARP1, DCTN2, LGMN, 
DDAH1, FOXO1, QDPR, CASP3, NADK, WFIKKN2 and FSTL3. A 
distinctive protein signature composed of VSIG2, LPL, EDA2R, AHR, 
AHR, IL23R, IGSF3, LGMN, PDGFB, CYR61 and GFRA1 was also iden
tified and clearly differentiated the treated groups (Fig. 5D). In contrast, 
in standard diet animals treated with the PDE4 inhibitor, hepatic 
changes were minimal, with a reduction observed in the level of a single 
protein, SEZ6L2 (Supplementary figure 1B).

3.5. Proteomic remodeling of visceral adipose tissue in response to GAN 
diet and apremilast treatment

After steatosis induction, proteomic analysis showed significant 
changes in the expression of multiple proteins in visceral adipose tissue. 
In eWAT, increased expression of several proteins involved in inflam
matory processes, extracellular matrix remodeling, and cell signaling 
was observed. Notable upregulated proteins include S100A4, CYR61, 
AXIN1, CXCL9, PDGFB, CASP3, CCL3, AHR, HGF, APBB1IP, RIOX2, 
CCL5, CCL2, PLA2G4A, SNAP29, KITLG, EDA2R, PARP1, TNFSF12, 
WISP1, DDAH1, FST, and MATN2 (Fig. 6A). Fig. 6B presents the cor
responding sPLS-DA analysis, highlighting proteins that best discrimi
nate eWAT GAN from CHOW animals. The top discriminative features 
include S100A4, CASP3, APBB1IP, AXIN1, CYR61, CCL3, AHR, RIOX2, 
HGF, and CCL2, forming a distinct proteomic signature reflective of 
adipose tissue inflammation and dysfunction in response to GAN diet.

Apremilast treatment in GAN mice modulated the proteome of 
visceral adipose tissue. Although not all changes reached statistical 
significance, the fold change analysis in Fig. 6C (right panel) reveals that 
apremilast induced broad proteomic remodeling in the eWAT, affecting 
the expression of nearly all proteins measured. Apremilast significantly 

Fig. 4. Histological analysis of liver fibrosis and steatosis in GAN and CHOW mice treated with Apremilast. (A) Quantification and representative images of hepatic 
fibrosis. The percentage of fibrotic area was quantified using ImageJ software from Picro-Sirius Red (PSR) staining. Representative liver sections from CHOW and 
GAN mice treated with vehicle or Apremilast are shown (scale bar = 100 μm). Red staining indicates collagen fibers; arrows highlight fibrotic regions. (B) Quan
tification and representative images of hepatic steatosis. The percentage of lipid droplet area was measured in H&E-stained liver sections (scale bar = 100 μm) from 
CHOW and GAN mice treated with vehicle or Apremilast. Representative images illustrate the degree of lipid accumulation across groups. Quantitative histo
morphometric assessment of liver lipid accumulation (H&E staining) and fibrosis (PSR staining) was performed. *P < 0.05 vs. corresponding control group, 2-way 
ANOVA test. GAN: Gubra-Amylin NASH diet; CHOW: standard diet.
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reduced the expression of pro-inflammatory proteins such as S100A4 
and WISP1, while increasing the levels of FOXO1 and CRIM1 (Fig. 6C). 
Fig. 6D shows the sPLS-DA analysis, which identifies a robust separation 
between the treated and untreated GAN groups. Discriminative proteins 
include CCL3, PDGFB, SNAP29, S100A4, FST, and CRIM1, consistent 
with the anti-inflammatory and metabolic effects of apremilast on 

eWAT.
In CHOW mice treated with apremilast, a reduction in the expression 

of several proteins was observed in eWAT (Supplementary figure 1C). 
Specifically, apremilast lowered the levels of seven proteins -MAP2K6, 
PAK4, NADK, FOXO1, EPCAM, WISP1, and CLSTN2- which have been 
implicated in diverse cellular processes, including signaling, 

Fig. 5. Liver proteomic in GAN and CHOW mice reveals the impact of hepatic steatosis and Apremilast treatment. (A) Volcano plot and fold change analysis of 
altered proteins from the Olink Target 96 Mouse Exploratory panel comparing GAN versus CHOW mice, highlighting significantly upregulated and downregulated 
proteins. Protein levels are expressed in NPX units (log2-scaled), based on relative quantification. (B) sPLS-DA model discriminates GAN and CHOW mice based on 
serum proteomic signatures; the corresponding loading plot displays the proteins contributing most to group separation. (C) Volcano plot and fold change of serum 
proteins comparing Apremilast-treated GAN mice versus untreated GAN mice, showing drug-induced proteomic changes. (D) sPLS-DA analysis reveals distinct protein 
expression patterns between treated and untreated GAN mice, with key discriminatory proteins shown in the loading plot. Statistical analysis was performed using a 
non-parametric t-test (Mann–Whitney U test). sPLS-DA: sparse Partial Least Squares Discriminant Analysis; APRE: Apremilast; GAN: Gubra-Amylin NASH diet; 
CHOW: standard diet. Annotated protein abbreviations are displayed Supplementary Table 1.

Fig. 6. Effects of GAN diet and Apremilast treatment in eWAT proteomic profile (A) Volcano plot and fold change analysis of altered proteins from the Olink Target 
96 Mouse Exploratory panel comparing GAN versus CHOW mice, highlighting significantly upregulated and downregulated proteins. Protein levels are expressed in 
NPX units (log2-scaled), based on relative quantification. (B) sPLS-DA model discriminates GAN and CHOW mice based on serum proteomic signatures; the cor
responding loading plot displays the proteins contributing most to group separation. (C) Volcano plot and fold change of serum proteins comparing Apremilast- 
treated GAN mice versus untreated GAN mice, showing drug-induced proteomic changes. (D) sPLS-DA analysis reveals distinct protein expression patterns be
tween treated and untreated GAN mice, with key discriminatory proteins shown in the loading plot. Statistical analysis was performed using a non-parametric t-test 
(Mann–Whitney U test). sPLS-DA: sparse Partial Least Squares Discriminant Analysis; APRE: Apremilast; GAN: Gubra-Amylin NASH diet; CHOW: standard diet; 
eWAT: epididymal adipose tissue. Annotated protein abbreviations are displayed Supplementary Table 1.
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metabolism, and tissue organization.

3.6. Skeletal muscle proteomic alterations induced by steatosis are 
discreted modulated by PDE4 inhibition

Analysis of the muscle proteome in mice with induced hepatic 
steatosis revealed significant alterations in nine proteins including 
increased levels of MAP2K6, MATN2, GFRA1, PLIN1, PARP1, FAS, 
CLMP and ACVRL1 and reduced levels of PPP1R2, many of which are 
linked to lipid metabolism, fibrosis, and stress signaling (Fig. 7A). In 
addition, a protein signature composed of ten proteins was identified 
that allowed a clear distinction between the GAN and control groups 
(MAP2K6, PPP1R2, PLIN1, GFRA1, PARP1, MATN2, FAS, ACVRL1, 
CNTN1 and YES1) (Fig. 7B).

Treatment with the PDE4 inhibitor in GAN mice partially modulated 
steatosis-induced protein alterations, particularly by reducing signifi
cantly previously elevated proteins such as MAP2K6 and PLIN1, as well 
as ENO2 and CCL2 (Fig. 7C). Although many changes did not reach 
statistical significance, the fold change analysis in Fig. 7C (right panel) 
indicates that apremilast induces widespread remodeling of the skeletal 
muscle proteome, altering the expression levels of all many proteins 
assessed. Analysis by sPLS-DA identified a differential protein profile 
associated with apremilast treatment in skeletal muscle, consisting of 
the following proteins: PLIN1, MAP2K6, ENO2, CCL2, RGMA, TGFA, 
CNTN1, PRDX5, LPL and DDAH1 (Fig. 7D).

In CHOW mice, treatment with apremilast induced an over
expression of PDGFB, a factor linked to angiogenesis and tissue 
remodeling, and a decrease in DDAH1 levels, which may reduce nitric 
oxide signaling, suggesting vascular remodeling that could impact 
muscle metabolism (Supplementary figure 1D).

3.7. Shared and distinct proteomic fingerprints emerge across tissues 
following GAN-induced steatosis

The GAN diet induced a tissue-specific proteomic response, with 
each organ displaying a distinct set of significantly altered proteins: 

liver, eWAT, skeletal muscle, and serum. When considering the total 
number of unique proteins altered across compartments, the most 
affected tissues were serum and eWAT, followed by the liver and skeletal 
muscle (Supplementary Figure 2A).

While most proteomic changes were specific to individual tissues, a 
subset of proteins exhibited consistent alterations across multiple com
partments. In particular, MATN2, CCL2, and CCL3 were dysregulated in 
at least three tissues, pointing to a shared inflammatory and tissue 
remodeling signature induced by the GAN diet. Notably, the greatest 
overlap of altered proteins occurred between the liver and eWAT 
(Supplementary Figure 2B).

3.8. Tissue-specific proteomic modulation by apremilast in GAN mice

Apremilast induced a selective and tissue-specific modulation of 
protein expression, with minimal overlap between compartments. In 
total, 22 proteins were significantly altered in at least one tissue. Among 
these, only three proteins—WFIKKN2, WISP1, and FOXO1—were 
modulated in more than one compartment, suggesting limited systemic 
convergence and emphasizing the organ-specific action of PDE4 inhi
bition (Supplementary Figure 3A).

The liver remained one of the most affected organs, showing sig
nificant downregulation of proteins associated with apoptosis, oxidative 
stress, and metabolic dysfunction (e.g., CASP3, LGMN, DDAH1, PARP1), 
in line with the observed histological and clinical improvements. In 
eWAT, apremilast significantly modulated inflammation- and 
remodeling-related proteins, including S100A4, WISP1, and CRIM1, 
while in skeletal muscle, proteins such as CCL2, PLIN1, and MAP2K6 
were downregulated, pointing to an attenuation of stress and lipid 
metabolism pathways. In the serum, reduced levels of FST, TNFRSF11B, 
and WFIKKN2 further reflect the systemic anti-inflammatory and 
metabolic effects of treatment (Supplementary Figure 3B).

4. Discussion

Our study provides evidence that apremilast reduce liver enzyme 

Fig. 7. Effects of GAN diet and Apremilast treatment in skeletal muscle proteomic profile (A) Volcano plot and fold change analysis of altered proteins from the Olink 
Target 96 Mouse Exploratory panel comparing GAN versus CHOW mice, highlighting significantly upregulated and downregulated proteins. Protein levels are 
expressed in NPX units (log2-scaled), based on relative quantification. (B) sPLS-DA model discriminates GAN and CHOW mice based on serum proteomic signatures; 
the corresponding loading plot displays the proteins contributing most to group separation. (C) Volcano plot and fold change of serum proteins comparing 
Apremilast-treated GAN mice versus untreated GAN mice, showing drug-induced proteomic changes. (D) sPLS-DA analysis reveals distinct protein expression patterns 
between treated and untreated GAN mice, with key discriminatory proteins shown in the loading plot. Statistical analysis was performed using a non-parametric t-test 
(Mann–Whitney U test). sPLS-DA: sparse Partial Least Squares Discriminant Analysis; APRE: Apremilast; GAN: Gubra-Amylin NASH diet; CHOW: standard diet. 
Annotated protein abbreviations are displayed Supplementary Table 1.
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levels and the hepatic steatosis index in real-world cohort of patients 
with psoriatic arthritis and metabolic comorbidities. In parallel, we 
demonstrate in a murine model of MASLD that apremilast reduces he
patic steatosis and fibrosis, accompanied by significant improvements in 
body weight, insulin resistance, and circulating liver enzymes.

At the molecular level, this is the first study to comprehensively 
characterize the proteomic alterations across key metabolic tis
sues—including liver, visceral adipose tissue, skeletal muscle, and ser
um—in response to the GAN diet. Notably, apremilast modulated 
protein expression in a tissue-specific manner, with the most profound 
effects observed in the liver. Collectively, these findings not only high
light the systemic and compartmentalized impact of PDE4 inhibition, 
but also open new avenues for personalized therapeutic strategies in 
patients with NAFLD/MASLD, particularly those with coexisting psori
atic disease, where inflammation and metabolic dysregulation intersect.

We first examined a real-world cohort of patients with PsA, a pop
ulation commonly affected by metabolic comorbidities such as obesity, 
insulin resistance, and NAFLD [17]. By applying a stratification 
approach based on the presence of metabolic alterations, we identified a 
subgroup of patients who not only exhibited clinical features consistent 
with systemic metabolic dysfunction, but also responded to apremilast 
treatment with improvements in hepatic and glycemic parameters. 
Specifically, patients in the metabolically compromised cluster showed 
reductions in fasting insulin, HOMA-IR, transaminases (ALT and AST), 
and the HSI after 6 months of treatment. These observations suggest that 
apremilast may exert systemic immunometabolic effects other than joint 
and skin inflammation, supporting the concept that PDE4 inhibition 
could also confer metabolic and hepatoprotective benefits against 
MASLD.

To explore this hypothesis mechanistically, we used the GAN diet 
model to promote MASLD, which recapitulates key features of the 
human condition, including obesity and hepatic steatosis [18]. As ex
pected, mice fed the GAN diet developed a metabolically compromised 
phenotype, including weight gain, increased adiposity, and insulin 
resistance, as reflected by elevated insulin levels and HOMA-IR scores. 
This preclinical model provided a relevant pathophysiological model to 
evaluate the therapeutic effects of apremilast.

To date, there is little information regarding the role of PDE4 in
hibitors in liver disease. The only published study exploring this class of 
compounds in vivo in the context of MASLD is the recent work by Wang 
et al., which demonstrated that roflumilast ameliorates hepatic steatosis 
and fibrosis in ob/ob mice fed the GAN diet by targeting hepatic lipid 
accumulation, inflammation, and fibrogenesis [19]. While these find
ings support the therapeutic relevance of PDE4 inhibition in MASLD, no 
studies have yet investigated the effects of apremilast—the only 
approved PDE4 inhibitor for the treatment of PsA—in this setting. Here, 
we provide the first evidence of the metabolic and hepatoprotective 
actions of apremilast in the context of GAN diet-induced MASLD.

Treatment with apremilast resulted in marked metabolic improve
ments in mice fed the GAN diet. Notably, apremilast led to a reduction in 
body weight specifically in GAN-fed animals, which was primarily 
driven by a decrease in fat mass, while lean mass remained unchanged. 
At the metabolic level, apremilast lowered circulating insulin levels and 
improved insulin sensitivity, as reflected by a reduction in HOMA-IR, 
without altering glucose concentrations. These findings indicate an 
enhancement of systemic insulin responsiveness, likely linked to the 
reduction in adipose tissue inflammation and ectopic fat deposition. 
Furthermore, a significant decrease in ALT levels was observed in GAN- 
fed mice treated with apremilast, suggesting a potential hep
atoprotective effect, although AST levels remained unchanged. Collec
tively, these data support the beneficial metabolic actions of apremilast 
in a context of diet-induced hepatic steatosis, reinforcing its potential 
utility in the management of MASLD.

The metabolic improvements observed with apremilast in murine 
models—such as weight loss, reduced inflammation, and improved in
sulin sensitivity—are consistent with clinical trial data showing its 

ability to lower body weight, increase HDL, reduce LDL and HbA1c 
levels [11], and decrease cardiovascular risk markers [12]. These find
ings highlight the dual anti-inflammatory and metabolic benefits of 
apremilast in both experimental and clinical settings.

At hepatic tissue level, apremilast significantly reduced fibrosis and 
showed a trend toward reducing steatosis, as demonstrated by immu
nohistochemical analysis. Notably, the significant antifibrotic effect 
together with the tendency to lower hepatocellular lipid accumulation 
supports the idea that apremilast not only modulates systemic metabolic 
parameters but also exerts local effects on liver metabolism, mitigating 
key hallmarks of MASLD progression.

Our integrated proteomic analysis provides the first comprehensive 
characterization of the tissue-specific molecular alterations induced by 
the GAN diet across key metabolic organs, including the liver, visceral 
adipose tissue, skeletal muscle, and serum. Hepatic steatosis was asso
ciated with a broad and compartmentalized systemic response, 
involving not only local hepatic changes but also proteomic remodeling 
in peripheral tissues. The majority of proteomic changes induced by the 
GAN diet were tissue-specific. However, our analysis identified a subset 
of proteins (MATN2, CCL2, and CCL3) that were consistently dysregu
lated across multiple compartments. These proteins are closely linked to 
extracellular matrix remodeling, monocyte recruitment, and inflam
matory activation [20–22], suggesting that the diet triggers a marked 
systemic immunometabolic signature. Notably, the strongest overlap of 
proteomic alterations was observed between the liver and visceral adi
pose tissue (eWAT)—two metabolically active organs that are tightly 
interrelated in obesity-associated pathologies. This overlap supports the 
notion of a bidirectional communication axis between liver and adipose 
tissue, where inflammatory and fibrotic signaling cascades in one 
compartment may influence or exacerbate dysfunction in the other. 
Such crosstalk is consistent with clinical observations linking visceral 
adiposity to hepatic steatosis and fibrosis, and highlights the importance 
of targeting both organs to effectively modulate the immunometabolic 
burden in MASLD [23].

Importantly, treatment with apremilast reversed some of these 
pathological signatures, especially in the liver, where it downregulated a 
number of inflammatory and fibrogenic mediators while enhancing 
proteins involved in tissue repair and metabolic balance (FOXO1, 
WFIKKN2, DCTN2, QDPR, PARP1, NADK, DDAH1, LGMN, CASP3 and 
FSTL3) [24,25]. This study also highlights the tissue-specific nature of 
apremilast’s action: while each organ responded with a unique proteo
mic alteration. Among the 28 altered proteins, four (WISP1, WFIKKN2, 
FOXO1, and MAP2K6) were shared across multiple tissues or serum. 
WISP1 is a novel adipokine secreted by mature adipocytes, whose 
expression is elevated in both visceral and subcutaneous adipose tissue 
in the context of obesity. It has been shown to correlate with systemic 
inflammation and insulin resistance, promoting the production of 
proinflammatory cytokines and potentially contributing to macrophage 
polarization within adipose tissue. Moreover, WISP1 has also been 
implicated in hepatic inflammation and may play a role in the patho
genesis of NAFLD [26]. Another common altered protein, WFIKKN2, is a 
circulating protease inhibitor that modulates members of the TGF-β 
family. Recent proteomic studies have identified it as a promising 
biomarker in metabolic disease, with elevated levels associated with 
improved glycaemic control and reduced risk of DM2, possibly through 
its role in energy homeostasis via cell signaling pathways [27]. In the 
liver, FOXO1 acts as a key transcriptional regulator involved in lipid 
metabolism, inflammation, and the cellular stress response. Its persistent 
activation has been linked to insulin resistance, hepatic steatosis, and 
progression to NASH [28], and it also plays a role in endothelial meta
bolic regulation and vascular homeostasis [29]. MAP2K6, a kinase 
within the p38 MAPK signaling cascade, has also emerged as a relevant 
modulator of hepatic lipid metabolism. Overexpression of MAP2K6 in 
murine models resulted in reduced hepatic triglyceride content and 
improved metabolic parameters, including plasma glucose, insulin, and 
adiposity, suggesting a protective role in diet-induced metabolic 
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dysfunction [30]. Taken together, these findings support a compart
mentalized therapeutic response to apremilast, with distinct and com
mon molecular pathways targeted in each tissue. This underscores the 
value of a multi-tissue proteomic approach to capture the full thera
peutic landscape of PDE4 inhibition in MASLD.

5. Conclusions

In summary, this study provides the first comprehensive evaluation 
of the anti-inflammatory signature of apremilast in the context of diet- 
induced steatotic liver disease. In a real-world clinical cohort of pa
tients with psoriatic arthritis, apremilast significantly improved glyce
mic and hepatic markers in those with coexisting metabolic 
comorbidities. By using a dietary murine model of MASLD, we further 
demonstrate that apremilast improves key clinical features of metabolic 
dysfunction, including reductions in fat mass, insulin resistance, and 
liver enzyme levels. Histological analyses confirmed its ability to reduce 
fibrosis, highlighting a direct protective effect on liver. At the molecular 
level, we present the first multi-tissue proteomic atlas of GAN-induced 
steatosis, revealing both tissue-specific and systemic protein alter
ations across liver, visceral adipose tissue, skeletal muscle, and serum. 
Apremilast modulated these pathological signatures in a compartmen
talized manner, reversing inflammation- and fibrosis-related pathways 
while promoting markers of tissue repair and metabolic homeostasis, 
thereby validating the translational relevance of our findings. Together, 
these results support a novel role for PDE4 inhibition in the management 
of MASLD associated to PSD and underscore the potential of apremilast 
as a personalized immunometabolic therapy in patients with psoriatic 
disease having an altered metabolic profile.

One limitation of our study is that the preclinical experiments were 
conducted exclusively in male mice, which may limit the generaliz
ability of the findings to females. This decision was based on feasibility, 
the limited amount of apremilast, and the need to avoid hormonal 
variability linked to estrogens, which are known to protect against he
patic steatosis and insulin resistance. However, future studies should 
include both sexes to explore potential sex-specific responses.
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I. Arias-de la Rosa, N. Barbarroja, Decoding clinical and molecular pathways of 
liver dysfunction in psoriatic arthritis: Impact of cumulative methotrexate doses, 
Biomed. Pharmacother. 168 (2023) 115779, https://doi.org/10.1016/j. 
biopha.2023.115779.
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