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Abstract 

The endogenous opioid system is increasingly recognized as an important regulator of 

vascular function, inflammation, and lipid metabolism - key processes in atherogenesis. 

Atherosclerosis is a progressive inflammatory disease of the arterial wall, primarily driven 

by lipid accumulation and dysregulated immune responses. It represents the principal 

underlying cause of cardiovascular disease (CVD). Formation of atherosclerotic plaque is the 

hallmark of atherosclerosis development, which gradually leads to arterial wall thickening, 

loss of elasticity, and lumen narrowing, thereby reducing blood flow to tissues and organs. 

Plaque rupture may result in myocardial infarction, stroke, or peripheral artery disease, and 

most importantly, CVD remains a leading cause of death worldwide.  

In the present studies, the effects of opioid receptor blockade with naloxone (NLX) on 

molecular, structural, and immunological parameters associated with the development and 

progression of atherosclerosis in ApoE-/- mice were investigated. Young (8-week-old) and 

aged (36-week-old) animals, representing early and advanced stages of the disease, 

respectively, were treated with NLX. In both age groups, NLX administration significantly 

reduced Hmmr gene expression in the aorta, suggesting a role for this gene in vascular 

remodeling. NLX also modulated collagen expression in a stage-dependent manner: Col3a1 

expression decreased in young mice but increased in aged animals, which was accompanied 

by a significant thickening of the aortic collagen layer in 36-week-old mice. These findings 

indicate that opioid receptor blockade influences extracellular matrix organization and 

vascular stiffness in an age-dependent manner. Analysis of splenic T-cell subpopulations 

showed that NLX did not markedly affect the proportions of CD4⁺ and CD8⁺ T-cells but 

significantly altered Hmmr expression within several T-cell subpopulations, linking opioid 

system to adaptive immune modulation. In 36-week-old mice, the effects of opioid system 

blockade on lipid metabolism were also examined. NLX treatment increased plasma HDL 

levels without affecting total cholesterol, LDL, or triglycerides. Histological analysis 

revealed no changes in atherosclerotic plaque size or hepatic steatosis. Expression of selected 

genes involved in lipid metabolism was also examined, resulting in reduced expression of 

Fabp4 gene. Moreover, proteomic analysis of the aorta and liver identified NLX-induced 

alterations in proteins involved in lipid metabolism, inflammation, and oxidative stress. 

These included reduced expression of Apobr, Saa2, and Nnmt in the liver, and decreased 

levels of Aldob, Gsta3, and Arg1 in the aorta. 



Collectively, these findings suggest that opioid receptor blockade with NLX influences 

multiple biological processes including vascular remodeling, immune regulation, and lipid 

metabolism. Although short-term NLX treatment did not significantly impact atherosclerotic 

plaque progression or hepatic steatosis, the observed molecular and proteomic changes 

highlight the complex role of the opioid system in atherogenesis and its potential as                          

a therapeutic target for modulating cardiovascular and metabolic pathways. 
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Streszczenie  

Endogenny układ opioidowy jest coraz częściej postrzegany jako istotny regulator 

funkcji naczyniowych, procesów zapalnych oraz metabolizmu lipidów - kluczowych 

mechanizmów odgrywających rolę w aterogenezie. Miażdżyca to postępująca choroba 

zapalna ściany tętnic, u podstaw której leży przede wszystkim odkładanie lipidów oraz 

zaburzenia regulacji odpowiedzi immunologicznej. Stanowi ona główną przyczynę rozwoju 

chorób sercowo-naczyniowych. Miażdżyca charakteryzuje się tworzeniem blaszek 

miażdżycowych, które z czasem prowadzą do pogrubienia ściany tętnicy, utraty jej 

elastyczności i zwężenia światła naczynia, co ogranicza przepływ krwi do tkanek i narządów. 

Pęknięcie i oderwanie blaszki może skutkować wystąpieniem zawału mięśnia sercowego, 

udaru mózgu lub choroby tętnic obwodowych. Należy podkreślić że choroby sercowo-

naczyniowe wciąż pozostają jedną z głównych przyczyn zgonów na świecie. 

W niniejszej pracy zbadano wpływ blokady receptorów opioidowych za pomocą 

naloksonu (NLX) na parametry molekularne, strukturalne i immunologiczne związane                  

z rozwojem oraz progresją miażdżycy u myszy ApoE-/-. W badaniach wykorzystano młode       

(8-tygodniowe) i starsze (36-tygodniowe) osobniki, reprezentujące odpowiednio wczesne             

i zaawansowane stadium miażdżycy, którym podano NLX. W obu grupach wiekowych 

podawanie NLX prowadziło do istotnego obniżenia ekspresji genu Hmmr w aorcie, co 

wskazuje na jego potencjalną rolę w przebudowie naczyń. NLX modulował również 

ekspresję kolagenu w sposób zależny od stadium choroby - ekspresja Col3a1 uległa 

obniżeniu u młodych myszy, natomiast wzrosła u starszych, czemu towarzyszyło istotne 

pogrubienie warstwy kolagenowej w aorcie zwierząt 36-tygodniowych. Wyniki te sugerują, 

że blokada receptorów opioidowych wpływa na organizację macierzy zewnątrzkomórkowej 

oraz sztywność naczyń w zależności od stadium miażdżycy. Analiza subpopulacji 

limfocytów T w śledzionie wykazała, że NLX nie wpływał istotnie na proporcje komórek 

CD4⁺ i CD8⁺, jednak znacząco zmieniał ekspresję białka Hmmr w wybranych 

subpopulacjach limfocytów T, co wskazuje na związek pomiędzy układem opioidowym          

a modulacją odpowiedzi immunologicznej typu adaptacyjnego. U starszych,                             

36-tygodniowych myszy oceniono również wpływ blokady układu opioidowego na 

metabolizm lipidów. Podanie NLX spowodowało wzrost poziomu frakcji HDL w osoczu, 

bez istotnych zmian stężenia cholesterolu całkowitego, LDL i trójglicerydów. Analiza 

histologiczna nie wykazała różnic w wielkości blaszki miażdżycowej ani w nasileniu 

stłuszczenia wątroby. Dodatkowo, w badaniu ekspresji wybranych genów związanych               
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z metabolizmem lipidów stwierdzono obniżoną ekspresję genu Fabp4. Analiza 

proteomiczna aorty i wątroby wykazała, że zastosowanie NLX indukuje zmiany w poziomie 

białek zaangażowanych w metabolizm lipidów i procesy zapalne.  

Podsumowując, uzyskane wyniki wskazują, że blokada receptorów opioidowych za 

pomocą NLX oddziałuje na wiele procesów biologicznych, w tym przebudowę naczyń, 

regulację odpowiedzi immunologicznej i metabolizm lipidów. Choć krótkotrwałe leczenie 

NLX nie wpływało istotnie na wielkość blaszki miażdżycowej ani na poziom stłuszczenia 

wątroby, zaobserwowane zmiany molekularne i proteomiczne podkreślają złożoną rolę 

układu opioidowego w aterogenezie oraz sugerują jego potencjał jako celu terapeutycznego                       

w modulacji szlaków sercowo-naczyniowych i metabolicznych. 
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1. Introduction 
 

Atherosclerosis is a chronic, progressive inflammatory disease of the arterial wall, driven 

primarily by lipid accumulation and dysregulated immune responses, constituting the leading 

cause of cardiovascular disease (CVD). It is characterized by the formation of atherosclerotic 

plaques composed of cholesterol, lipids, inflammatory cells, and fibrous tissue within the intima 

of large and medium-sized arteries. Over time, plaque growth leads to arterial wall thickening, 

loss of elasticity, and lumen narrowing, resulting in reduced blood flow to tissues and organs. 

Plaque rupture can lead to thrombosis and acute vascular occlusion, resulting in clinical events 

such as myocardial infarction, stroke, or peripheral arterial disease [1–3], a conditions that 

collectively represent CVD and are the leading cause of mortality in developed countries [4]. 

Key cellular players involved in the development of atherosclerosis include endothelial cells 

(ECs), leukocytes, and smooth muscle cells (SMCs), which contribute to the formation of 

atherosclerotic plaques in response to inflammatory stimuli [4,5]. The vascular endothelium 

forms a continuous monolayer of cells lining the entire cardiovascular system and plays a crucial 

role in maintaining vascular function. The early stages of atherosclerosis are characterized by 

multiple mechanisms, including endothelial dysfunction, recruitment of inflammatory cells, 

modification of lipoprotein particles, and impaired blood flow [6]. These and other factors 

collectively impair ECs function, increasing their permeability and enabling low-density 

lipoproteins (LDL) and triglyceride-rich lipoproteins to penetrate the vessel wall via trans-

endothelial transport or diffusion at cell junctions [7]. These lipoproteins undergo oxidation, 

activating ECs and upregulating adhesion molecules such as P-selectin, E-selectin, VCAM-1, 

and ICAM-1, which promote leukocyte adhesion to vascular endothelial cells and the secretion 

of chemotactic factors [8,9]. Monocytes migrate into the intima and differentiate into 

macrophages in response to macrophage colony-stimulating factor (M-CSF), subsequently 

internalizing modified lipoproteins and transforming into foam cells - cholesterol-loaded 

macrophages that promote plaque growth and instability [10–12]. The next central players in the 

development of atherosclerosis are T-cells, contributing to both initiation and progression of the 

disease. Within the arterial wall, they participate in immune surveillance by recognizing modified 

lipoproteins and triggering inflammatory pathways. CD4+ T-cells are particularly important in 

shaping the inflammatory milieu, whereas CD8+ T-cells are thought to influence the structural 

stability of plaques. Through these mechanisms, T-cells activity promotes endothelial 

dysfunction, stimulates SMC proliferation, and supports foam cell formation, all of which 

promote plaque development. Moreover, T-cells modulate the balance between pro- and anti-

inflammatory signals, thereby affecting disease progression and plaque vulnerability [13,14]. 
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Furthermore, studies have demonstrated that ApoE knockout mice with disrupted TGF-β 

signaling in T-cells develop larger aortic lesions and exhibit greater lesion areas in the aortic root. 

Notably, when the lesions of comparable size were examined, mice lacking T-cell - specific TGF-

β signaling showed higher T-cell infiltration, enhanced macrophage activation, and reduced 

collagen content [15].  Another crucial cellular component contributing to atherosclerotic plaque 

development are SMCs. Under pathological conditions, these cells migrate from the media to the 

intima, producing extracellular matrix (ECM) proteins, including collagen types I and III, 

encoded by Col1a1 and Col3a1 genes, respectively [16–19]. While the majority of the ECM in  

a healthy artery consists of type I and type III collagens, atherosclerotic lesions are typically 

enriched in type I collagen and fibronectin [20]. SMCs and inflammatory cells also release matrix 

metalloproteinases (MMPs), which degrade ECM components, leading to plaque destabilization 

through a dynamic imbalance between collagen synthesis and degradation [21,22]. This 

destabilization can ultimately result in plaque rupture and the onset of clinical complications such 

as myocardial infarction.  

Although the above mechanisms are well characterized, current treatments are still primarily 

symptomatic, underscoring the need to identify new factors contributing to the development of 

atherosclerosis. Recent studies indicate the involvement of less conventional molecular pathways 

in the development of atherosclerosis. A promising new factor contributing to the development 

of atherosclerosis may be the hyaluronan-mediated motility receptor (HMMR also known as 

RHAMM), a receptor for hyaluronic acid (HA), widely studied in cancer biology [23–25]. 

Evidence suggests that HMMR and its ligand HA may also be implicated in CVD [26], for 

instance, in both zebrafish and rat models of myocardial injury, Hmmr expression was 

upregulated in damaged heart tissues, indicating its involvement in scar tissue formation [27]. 

Given that atherosclerosis shares many features with wound healing and tissue remodeling 

processes, it is possible that Hmmr may also contribute to atherosclerotic plaque progression. 

This is further supported by studies linking another HA receptor, CD44, to atherosclerosis 

development [28]. CD44 mediates leukocyte adhesion and migration into the intima, supports 

macrophage retention as well as foam cell formation, and promotes vascular smooth muscle cell 

(VSMC) proliferation and migration [28]. These actions contribute significantly to early lesion 

development, even before significant luminal narrowing occurs. CD44-null mice develop 

significantly fewer aortic lesions than their wild-type counterparts, and migration of CD44-null 

macrophages to atherosclerotic sites is markedly reduced (Figure 1) [29]. 
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Figure 1. The role of RHAMM (HMMR) and CD44 receptors in the cardiovascular system. (Figure 

2, publication 3) 

 

Another new factor that, through its multisystemic action, may also influence the 

development of atherosclerosis is the endogenous opioid system (EOS). The EOS comprises 

endogenous opioid peptides such as endorphins, enkephalins, and dynorphins, which interact 

with three primary receptor types: mu (µ, MOR), delta (δ, DOR), and kappa (κ, KOR) [30]. While 

traditionally associated with modulation of nociceptive signaling and stress-induced analgesia 

[31,32], the EOS has also been recognized for its broader role in regulating mood, gastrointestinal 

function, and cardiovascular physiology [33–36]. Opioid receptors are present on the surface of 

many cell types within the cardiovascular system, including cardiomyocytes, ECs, and SMC, 

where they influence cellular function, for instance can induce vasodilation and maintain vascular 

tone, influencing blood pressure and blood flow. Opioid receptors are also expressed by the cells 

of the immune system such as T-cells, B-cells and macrophages which are a key players in the 

development of atherosclerosis [37]. The broad distribution of opioid receptors in tissues and 

organs outside the central nervous system, such as immune cells, indicates that opioids may exert 

additional peripheral effects, including immunomodulation. The increased incidence of 

infections observed in epidemiological studies involving individuals who abuse opioids further 
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underscores their immunosuppressive effects [38]. Opioid receptors on ECs communicate with 

VSMC through paracrine signaling and modulate angiogenesis, vascular tone, and vascular 

integrity [39]. Recent studies have highlighted the EOS involvement in atherosclerotic plaque 

progression and instability. Chronic infusion of β-endorphin, an endogenous µ opioid receptor 

ligand, in ApoE-/- mice led to increased atherosclerotic plaque area and macrophage content, 

suggesting a pro-atherogenic role of EOS activation [14,15]. Conversely, administration of opioid 

receptor antagonists such as naloxone (NLX) in lipopolysaccharide-treated ApoE-/- mice 

significantly reduced plasma TNF-α levels, indicating decreased macrophage activation [21]. 

NLX is an antagonist of all three main opioid receptors. It counteracts both central and peripheral 

effects of endogenous and exogenous opioids, reversing the reactions they cause: respiratory 

depression, pupil constriction, hypotension, and sedation. On its own, NLX exhibits minimal 

pharmacological activity and does not induce tolerance or physical dependence. Through its 

comprehensive activity on the opioid system, NLX may exert beneficial effects across a range of 

physiological and pathological conditions. Consistent with its pharmacological profile, 

pretreatment with another opioid receptor antagonist, NLX, has been shown to prevent stress-

induced hypercholesterolemia in rats. Moreover, δ opioid receptor agonist treatment in patients 

with ischemic heart disease improved their lipid profiles [22,23]. Interestingly, the connection 

between the EOS and Hmmr expression is gaining importance. Our unpublished data show 

increased Hmmr expression in aorta of mice with increased opioid system activity, and                       

a statistically significant reduction in its expression following opioid receptor blockade with NLX 

[27,28]. These observations suggest a possible regulatory axis between EOS and Hmmr in the 

pathogenesis of atherosclerosis.  

Taken together, these findings highlight the multifactorial nature of atherosclerosis 

development and suggest a potential role of the EOS and Hmmr as novel factors influencing its 

progression. Given the predominantly symptomatic nature of current therapies, understanding 

these novel mechanisms may provide new targets for therapeutic intervention. Our research 

therefore focuses on the impact of EOS modulation, specifically opioid receptor blockade, on 

lipid metabolism and atherosclerotic plaque development. Through the examination of these 

interconnected pathways, I seek to enhance understanding of the mechanisms underlying 

atherosclerosis and to assess their potential biological relevance. Our research was conducted 

using ApoE-/- mice with a knockout gene for apolipoprotein E which plays a key role in lipid 

metabolism and cholesterol transport. The absence of this protein in ApoE-/- mice leads to 

hypercholesterolemia and the development of atherosclerotic lesions, making them a popular 

model for studying cardiovascular diseases, particularly atherosclerosis. 
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2. Hypotheses 

 

• Blocking the opioid system affects the lipid profile of mice with advanced 

atherosclerosis. 

 

• Inhibition of the opioid system modulates vascular remodeling in the aorta of ApoE-/- 

mice.  

 

• Blocking the opioid system in a model of advanced atherosclerosis alters the aortic and 

hepatic proteome in ApoE-/- mice. 

 

• Opioid system blockade alters Hmmr gene expression in both early and advanced stages 

of atherosclerosis in ApoE-/- mice. 

 

 

3. Objectives 

 

• To investigate the effect of opioid receptors blockade on the lipid profile in mice with 

advanced atherosclerosis. 

 

• To investigate whether the opioid system is involved in vascular remodeling that occurs 

during the development of atherosclerosis. 

 

• To investigate whether blocking the opioid system in a model of advanced atherosclerosis 

affects proteomic changes in the aorta and liver. 

 

• To investigate Hmmr gene expression at different stages of atherosclerosis development, 

as well as after opioid receptors blockade. 
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4. Materials and Methods 

4.1 Animals 

All experiments were performed on 8-week and 36-week-old, male B6.129P2-Apoetm1Unc/J 

(strain. no. 002052) mice on the C57BL/6J background (further referred to as ApoE-/-). Animals 

were housed in groups of 4–5 individuals and maintained in animal facility of the Institute of 

Genetics and Animal Biotechnology of the Polish Academy of Sciences, under standard 

environmental conditions (ambient temperature of 22 ± 2℃ and 55 ± 5 % relative humidity) 

under a 12 h light/dark cycle (lights on at 7 a.m.). Access to tap water and food (LABOFEED H, 

Kcynia, Poland) was provided ad libitum. Study procedures were conducted in accordance with 

the ethical approval (permission no. WAW2/093/2024) received from the II Local Ethics 

Committee for Experiments on Animals in Warsaw. 

4.2 Drug & experiment design 

Both 8-week and 36-week-old mice were assigned to either a saline-treated control group or 

naloxone-treated experimental group. A non-selective opioid system antagonist, naloxone 

hydrochloride (NLX) (Sigma-Aldrich, St. Louis, MO, USA) was administered. Individuals 

belonging to NLX-treated group received daily intraperitoneal injections of freshly prepared 

NLX dissolved in saline (0.9% NaCl) at a dose of 10 mg/kg for 7 consecutive days. Mice of 

control group were administered an equivalent volume of saline.  

4.3. Measurement of mRNA expression 

Total RNA was isolated from liver lobes and aortas using TRItidy G reagent (PanReac 

AppliChem, Darmstadt, Germany) according to the manufacturer’s instructions. RNA 

concentration and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA). Reverse transcription of RNA was performed using the 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) 

following manufacturer’s protocol. The expression of Hmmr, Col1a1 and Col3a1 at mRNA level 

in the aortas of 8-week-old and 36-week-old mice and the expression of Lpl, Srebf1 and Fabp4 

at mRNA level in the livers of 36-week-old mice were analyzed using TaqMan® probes (Thermo 

Fisher Scientific, Waltham, MA, USA; catalogue numbers: Mm00469183_m1; 

Mm00802300_m1; Mm00802300_m1; Mm00434764_m1; Mm00550338_m1; 

Mm00445878_m1, respectively) and the TaqMan® Real-Time PCR Master Mix (Thermo Fisher 

Scientific, Waltham, MA, USA). Reactions were performed on 96-well plates on the LightCycler 

96 System (Roche Diagnostics, Germany) according to standard Real-Time PCR protocol. 
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Calculations were made using LightCycler 96 Software. Data were normalized to Tbp mRNA 

levels and relative quantification was calculated. 

4.4. Trichrome staining 

Liver lobes and thoracic aortas were fixed in formalin and dehydrated through a graded ethanol 

series (70%, 80%, 96%, and 99.8%), with two changes at each concentration for 30 minutes at 

room temperature. The tissues were then cleared in two changes of xylene (Warchem, Warsaw, 

Poland) for 15 minutes each. Subsequently, samples were transferred to a toluene - paraffin 

mixture (1:1) and incubated for 2 hours at 60 °C. In the final step, each specimen was immersed 

in pure molten paraffin overnight and embedded in paraffin blocks. Paraffin-processed tissues 

were sectioned at 6 µm thickness using a microtome (Hyrax M25, Zeiss, Germany) and mounted 

on microscope slides. Prior to staining, the sections were deparaffinized in two changes of xylene 

and rehydrated through a descending ethanol series. Further, trichrome stain was performed with 

Trichrome Stain (Masson) Kit (Sigma-Aldrich, St.Louis, MO, USA) according to manufacturer’s 

protocol. The total fibrosis stained lesion area in right lobe of livers were quantified using ImageJ 

software (version 1.53e) by two independent investigators. Three separate areas of stained lesion 

were counted and averaged to yield one value per slide. The final data were expressed as                    

a percentage of positive-staining areas relative to the total aortic area. Thickness of the collagen 

layer was determined by averaging 15 measurements taken from one section per subject at equal 

intervals around the circumference of aorta using ImageJ 1.54g software. 

4.5. Flow cytometry 

Spleens of both 8-week and 36-week-old mice were harvested and mashed through 70-μm 

strainers (VWR International, Avantor, Radnor Township, PA, USA) to isolate single cells. RBC 

lysis buffer (Biolegend, San Diego, CA, USA) was used to deplete red blood cells. Splenocytes 

were stained in FACS buffer for 20 min at 4 °C in the dark with the monoclonal antibodies (Table 

1). For intracellular staining of CD168, BD Cytofix/Cytoperm™ Fixation/Permeabilization 

Solution was used (BD Biosciences, NJ, USA. Cells were analyzed by a CytoFLEX flow 

cytometer (Beckman Coulter, Brea, CA, USA), and data were analyzed using Flow Jo v.10 

(Ashland, OR, USA). For each experiment, fluorescence-minus-one controls (FMO) were 

performed. In selected experiments, FMO gating strategies were confirmed by isotype controls 

(Figure 2).  
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Table 1. List of antibodies used for flow cytometry 

Specificity Fluorochrome Clone Name Supplier 

CD3ε PerCP 145-2C11 BioLegend 

CD8a AF700 53-6.7 BioLegend 

CD4 BV750 GK 4.5 BioLegend 

CD69 PEC7 H1.2F3 BioLegend 

CD44 AF647 IM7 BioLegend 

CD62L PE594 MEL-14 BioLegend 

CD168 CoraLite488 Polyclonal antibody Proteintech 

 

 

Figure 2. Gating strategy of flow cytometry analysis 

 

4.6. Lipid profile analysis 

Lipid profile analysis was performed on 36-week-old mice. Blood samples were collected 

directly from heart of anesthetized mice to heparin coated syringes. Then samples were 

centrifuged at 3000×g at 4°C for 10 min, then plasma was collected for lipid profile analysis 

including levels of total cholesterol, low-density cholesterol (LDL), high-density cholesterol 

(HDL) and triglycerides. Analysis was performed using COBAS 6000 analyzer (Roche 

Diagnostics, Germany). 



 
22 

 

4.7. Oil red O (ORO) staining 

Oil red O (ORO) staining was done on aortic arches and right lobes of liver of 36-week-old mice 

to visualize atherosclerotic lesions and fat deposits, respectively. The aortic arches were harvested 

after prior perfusion with phosphate-buffered saline (PBS), then fixed in 10% formalin for 24 

hours at 4°C and stained according to adjusted protocol [17]. Briefly, fixed aortic arches were 

opened longitudinally and pinned onto black silicone plates. Specimens were rinsed in distilled 

water and then briefly washed in 60% isopropanol. The tissues were subsequently stained with 

ORO working solution (0.625% ORO in isopropanol diluted with distilled water at a ratio of 

1.5:1) for 30 minutes at room temperature. Excess dye was removed by washing the specimens 

with 60% isopropanol, followed by three rinses in distilled water. Right lobe of the liver was 

collected and fresh frozen in -80°C. Prior to sectioning, sample was transferred for 30 minutes to 

-20°C to avoid tissue crumbling during cutting. Tissue was sectioned in cryostat (Jung CM1800, 

Leica, Germany) set to -20°C and 6µm thick sections. Before ORO staining sections were fixed 

in 10% formalin for 10 minutes at room temperature. Liver fragments were stained similarly to 

aortic arches as described above.  

The total area of ORO-stained lipid deposits in the aortic arches and right liver lobe were 

quantified using ImageJ software (version 1.53e) by two independent investigators. The final 

data were expressed as a percentage of positive-staining areas relative to the total aortic area. 

4.8. Macrophages immunofluorescence staining 

The immunohistochemical staining was performed using F4/80 Monoclonal Antibody (BM8) 

(Thermo Fisher Scientific, Waltham, MA, USA). Liver lobes were fixed in formalin and 

dehydrated as describe above. After that, tissues were transferred to mixture of toluene:paraffin 

(1:1) and incubated for 2h in 60℃. In the final step, each liver lobe was placed in pure molten 

paraffin overnight and embedded in paraffin blocks. Processed tissue was sectioned on 

microtome (Hyrax M25, Zeiss, Germany) for 6µm thick slices and placed on microscopic slides. 

Prior to staining, the specimens were deparaffinized in two changes of xylene and rehydrated 

through a graded series of alcohols. Heat-induced epitope retrieval was then performed at 90 °C 

in 10 mM sodium citrate buffer (pH 6.0) for 20 minutes. Sections were blocked in 3% bovine 

serum albumin (BSA). Primary antibody conjugated witch Alexa Fluor 488 (1:50) was incubated 

overnight at 4℃. Slides were washed in distilled water and mounted with VECTASHIELD® 

Antifade Mounting Medium with DAPI (Vector Laboratories, Inc. Newark, CA United States). 

Appropriate positive and negative controls were included with the study sections. The 

immunostaining was quantified using ImageJ software (version 1.53e) by two independent 
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investigators. Three separate areas of stained lesion were counted and averaged to yield one value 

per slide. The final data were expressed as a percentage of positive-staining areas relative to the 

total aortic area. 

4.9. Liquid chromatography-tandem mass spectrometry (LC‒MS/MS) analysis  

Mouse livers (n=7 biological replicates per group, in total 14 samples) and thoracic aorta (n = 7 

in control group, n=8 in NLX group, in total 15 samples) were homogenized using a Tissue Lyser 

LT (Qiagen, Hilden, Germany) and lysed in a buffer containing 0.1 M Tris-HCl, pH 7.6, 2% 

sodium dodecyl sulfate, and 50 mM dithiothreitol (Sigma Aldrich, St. Louis, MO, USA) at 96 °C 

for 10 min. Total protein concentration in lysates and the peptide contents in the digests were 

assayed using a tryptophan fluorescence-based WF assay [40]. Seventy micrograms of protein 

were digested overnight using the filter-aided sample preparation (FASP) method [41] with 

Trypsin/Lys-C mix (Promega, Madison, WI, USA) (enzyme-to-protein ratio 1:35) as the 

digestion enzymes. Subsequently, the samples were purified with C18 Ultra-Micro Spin Columns 

(Harvard Apparatus, Holliston, MA, USA). Then, all the samples were dissolved in 0.1% formic 

acid at a concentration of 0.5 µg/µl and spiked with the iRT peptides (Biognosys, Schlieren, 

Switzerland). One microgram of peptide was injected into a nanoEaseTM M/Z Peptide BEH C18 

75 µm i.d. × 25 cm column (Waters, Milford, MA, USA) via a nanoEaseTM M/Z Symmetry C18 

180 µm i.d. × 2 cm trap column (Waters, Milford, MA, USA) and separated using a 1% to 40% 

B phase linear gradient (A phase - 0.1% FA in water; B phase - 80% ACN and 0.1% FA) with      

a flow rate of 250 nL/min on an UltiMate 3000 HPLC system (Thermo Scientific, Waltham, MA, 

USA) coupled to an Orbitrap Exploris™ 480 Mass Spectrometer (Thermo Scientific, Waltham, 

MA, USA). The nanoelectrospray ion source parameters were: ion spray voltage: 2.2 kV, ion 

transfer tube 275°C. For data-independent (DIA) acquisition, spectra were collected for 145 min 

in full scan mode (400–1250 Da), followed by 55 DIA scans using a variable precursor isolation 

window approach and AGC set to custom 1000%. The DIA MS data were analyzed in 

Spectronaut (Biognosys, Schlieren, Switzerland) [42] software using directDIATM approach. 

MS data were filtered by 1% FDR (false discovery rate) at the peptide and protein levels, while 

quantitation was performed at the MS2 level and global imputation with a missingness rate set to 

0.3 was used. Statistical analysis of differential protein abundance was performed at both the 

MS1 and MS2 levels [43] using unpaired t-tests with multiple testing correction after Storey [44]. 

A summary of the quality control for the LC-MS/MS runs is shown in Supplemental Figures 

(Figure 1, publication 2 and figure 2, publication 1 for liver and aorta respectively). The mass 

spectrometry data have been deposited to the ProteomeXchange Consortium via the PRIDE 

partner repository [45] with the dataset identifier PXD063243 for liver and PXD064451 for aorta. 



 
24 

 

 

4.10. Statistical analysis 

Data collected from serum analysis and histopathological evaluation were checked for normality 

by Shapiro-Wilk test. ANOVA test was utilized to determine any differences between groups with 

statistical significance set to p-value < 0.05. Data for aortic research underwent normality check 

by Shapiro-Wilk test followed by two-sided Student’s t-test was performed to assess changes 

between saline-treated and NLX-treated group. Results were considered as statistically 

significant when p-value was less than 0.05. Results presented on graphs are expressed as means 

± SD. 
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5. Results and discussion 

In the present study, the involvement of the opioid system in the development and 

progression of atherosclerosis was evaluated by analyzing its influence on selected molecular and 

structural parameters in the vascular wall at different stages of the disease. The following sections 

discuss the observed effects of opioid receptor blockade with naloxone (NLX) in young and aged 

ApoE-/- mice, providing insights into potential mechanisms linking opioid system with vascular 

remodeling processes. 

First, the effect of opioid system blockade with NLX on factors related to early 

atherosclerosis was investigated in young, 8-week-old mice. NLX treatment led to a statistically 

significant decrease in Hmmr gene expression (p<0.05) in the aorta of ApoE-/- mice. 

Subsequently, the expression of two major collagen isoforms, Col1a1 and Col3a1, which are the 

most abundant structural proteins of the vessel wall [43,44], was analyzed. While no change was 

observed in Col1a1 expression, NLX administration resulted in a significant reduction in Col3a1 

expression (p<0.05) (Figure 1, publication 1). Moreover, NLX administration did not cause 

significant changes in the thickness of the collagen layer in the aorta (Figure 2, publication 1). 

Similarly, the effect of blocking the opioid system on the above factors was examined in               

36-week-old mice with advanced atherosclerosis. Following NLX treatment, a statistically 

significant decrease in Hmmr gene expression was observed, as well as no changes in Col1a1 

gene expression. However, in contrast to young mice, administration of NLX to 36-week-old 

mice resulted in decreased expression in Col3a1 gene (p<0.05) (Figure 5, publication 1). Opioid 

receptor blockade also resulted in significant thickening of the collagen layer in the aorta 

compared to the control group (p<0.05) (Figure 6, publication 1). After NLX treatment, Hmmr 

expression in aorta significantly decreased in both 8-week-old and 36-week-old mice. This may 

suggest an important role of the Hmmr gene in vascular remodeling during both the early and 

advanced stages of atherosclerosis development. In the aorta, Col3a1 expression was 

significantly decreased in young mice but increased in aged - 36-week-old animals, while Col1a1 

expression showed similar, but non-significant, trends. 

It should be noted that prolonged exposure to opioid antagonists has been shown to increase 

collagen content in skin tissue, as evidenced by studies using naltrexone for wound healing in      

a rat model as well as for wound treatment after a precise, tissue-sparing surgery for skin cancer 

removal in humans [46,47]. The ratio of type I to type III collagen was shown to be higher in the 

tissue surrounding aortic calcium deposits than within the calcified regions, whereas the ratio of 

type III collagen to elastin was lower in the artery compared to calcium deposits. These 

abnormalities likely promote the accumulation of calcium salts, an important feature of the 
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atherosclerotic process [48]. Therefore, it is important to note that for vascular elasticity, the 

balance between collagen isoforms I and III is crucial factor [49]. However, these proportions 

change with age, and such changes may vary depending on the tissue type [50]. With advancing 

age, the content of type III collagen decreases in the heart and aorta, extending to the distal 

regions [51], therefore, the age-related increase in vascular stiffness represents a natural 

consequence of the aging process. Vascular stiffening induced by altered collagen expression and 

production following NLX treatment may facilitate atherosclerotic plaque formation, although 

increased stiffness is considered a consequence rather than a cause of atherosclerosis. 

Nonetheless, NLX may exacerbate this pathological process [52]. Opioids, through their 

receptors, can influence inflammation and vascular remodeling - key mechanisms in 

atherogenesis. To assess whether opioid receptor blockade affects aortic wall remodeling, the 

collagen layer thickness in the thoracic aorta was measured in both 8- and 36-week-old mice 

treated with NLX. Results presented above indicate that NLX may enhance aortic wall resistance, 

potentially exerting protective effects in conditions such as hypertension and contributing to the 

prevention of aneurysm formation. Supporting evidence shows that lower collagen content has 

been reported in aortic dissection and aneurysms, likely contributing to wall weakening while 

collagenase treatment of pigs aortic rings increased aortic diameter and reduced vessel resistance 

to rising blood pressure [53,54]. Similarly, topical naltrexone usage in type I diabetic rats 

promoted collagen production and improved skin integrity compared with vehicle treatment [55]. 

Next, to investigate whether opioid receptor blockade influences adaptive immunity, splenic 

T-cell subpopulations in ApoE-/- mice were analyzed, as the spleen - being a major secondary 

lymphoid organ - provides a robust system for assessing systemic immune modulation. 

Characterization of the splenic T-cell subpopulation in 8-week-old mice showed that opioid 

receptors blockade did not affect the percentage of CD4+ T-cells or CD8+ T-cells (Figure 3a, 

publication 1). A statistically significant increase in the percentage of naive and central memory 

(CM) but not effector subpopulations was observed (Figure 3b, publication 1). NLX 

administration caused a statistically significant decrease in the percentage of CM (p<0.01) and 

increase in naive CD4+ T-cells (p<0.05) (Figure 3c, publication 1), and a decrease in the CM 

CD8+ T-cell populations (p<0.01) (Figure 3d, publication 1). NLX treatment did not affect Hmmr 

expression on CD4+ T-cells but decreased its expression on CD8+ T-cells (p<0.001) and 

CD69+/CD4+ T-cells (p<0.01) (Figure 4a, publication 1). A decrease in Hmmr expression was 

also observed in CM (p<0.001) and naive subpopulations (p<0.01), but not in effector 

subpopulation (Figure 4b, publication 1). 
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The assessment of splenic T-cell subpopulations after NLX administration in 36-week-old 

mice revealed no changes in the proportions of CD4+ and CD8+ populations, nor in the effector 

and naive subpopulations. However, statistically significant increase in the percentage of CM T-

cells was observed (p<0.05) (Figure 7b, publication 1). No changes were observed in the 

proportion of any CD4⁺ T-cells, nor in the effector and naive subpopulations within CD8⁺ T-cells. 

However,  an increase in the percentage of CM CD8+ T-cells was observed (p<0.01) (Figure 7d, 

publication 1). Moreover, NLX administration caused increased Hmmr expression on all CD4+, 

CD8+, CD69+/CD4+ as well as CM, effector and naive T-cells (p<0.001) (Figure 8, publication 

1). 

T-cells contribute significantly to vascular inflammation and may influence the development 

of atherosclerotic plaques [13,56]. It has also been shown that the composition and phenotype of 

T-cells within atherosclerotic plaques differs from those in circulating blood. The fraction of 

CD8+ T-cells - key components of the adaptive immune system, was significantly higher in 

human atherosclerotic plaques than in blood [57]. Modulation of the adaptive immune system by 

the opioid system was first observed in rodents, in which morphine treatment reduced the 

function of T-cells and their precursors [58,59]. Opioids are known to modulate immune function, 

particularly by influencing T-cells activation, differentiation, and cytokine release, processes 

strongly linked to the initiation and progression of atherosclerosis [13,60]. Therefore, the 

potential impact of opioid system blockade with NLX on splenic T-cells subpopulations content 

in ApoE-/- mice was investigated. Furthermore, since Hmmr has been linked to tissue remodeling 

and immune cell activation, but its role in T-cells during atherosclerosis remains unexplored, its 

expression in different T-cell subpopulations was assessed. This approach allowed the exploration 

of a potential link between opioid signaling, immune modulation, and Hmmr regulation in 

adaptive immunity at both early and more advanced stages of the disease. Although the above 

results do not reveal significant changes in the proportions of T-cell populations, they revealed 

significant differences in Hmmr expression on T-cells following NLX treatment, suggesting           

a link between opioid system blockade, Hmmr expression, and atherosclerosis progression. 

Consistent with these findings, administration of cyprodime (a μ-opioid receptor antagonist) in 

mice selectively bred for strong swim stress-induced analgesia resulted in an increased increase 

the CM CD8+ T-cells population [61]. 

To investigate whether blockade of the opioid system would affect factors associated with 

the development of atherosclerosis, the lipid profile in 36-week-old mice was examined. NLX 

treatment did not result in significant changes in total cholesterol, LDL, or triglyceride levels; 

however, an increase in HDL levels was observed (Figure 1b, publication 2).  
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Multiple studies indicate a relationship between the opioid system and cholesterol levels. 

Some studies have shown that administration of opioid receptor agonists, such as dynorphin A or 

DAGO, attenuated the increase in blood total cholesterol, triglycerides, and LDL levels in rats 

exposed to forced swimming stress [62]. Interestingly, a cross-sectional analysis of 2239 

individuals using opioids revealed that opioid consumption correlated with markedly reduced 

levels of total cholesterol, LDL and HDL [63]. At the same time, among lung cancer patients 

receiving opioids for pain management, it was observed that a higher proportion of patients with 

low cholesterol were found to be non-responders to initial doses of opioids compared to those 

with high cholesterol [64]. Furthermore, several reports indicate that opioid receptor antagonists 

also affect cholesterol levels. A 5-day pretreatment with naltrexone has been shown to prevent 

stress-induced cholesterol elevation in female rats fed a diet enriched in cholesterol and cholic 

acid (CCA) [65]. Furthermore, in the same animal model, 5 days of continuous morphine release 

resulted in increased plasma total and LDL cholesterol levels, decreased HDL levels, and 

increased aortic cholesterol deposition. However, daily administration of 1 mg/kg naltrexone 

completely reversed these effects on both cholesterol levels and aortic cholesterol deposition. 

The effect of morphine on total and LDL cholesterol levels was also observed in rats fed a normal 

diet [66]. 

In the present study, the effect of opioid receptor blockade on atherosclerotic plaque 

development and hepatic steatosis in mice was also examined. NLX administration did not affect 

atherosclerotic plaque formation in the aortic arch (Figure 2a,c, publication 2), nor did it influence 

hepatic steatosis and fibrosis (Figure 2b,d and Figure 4, publication 2). The findings presented 

above do not demonstrate any significant changes in atherosclerotic plaque development or 

hepatic lipid deposition following NLX treatment. However, one study reported a marked 

reduction in atherosclerotic plaque formation after long-term, 10-week administration of NLX in 

ApoE-/- mice starting at 8 weeks of age [67]. In contrast, a 21-day study using another opioid 

receptor antagonist - nalmefene (antagonist for μ- and δ-opioid receptors and a partial agonist at 

κ-opioid receptors) revealed a dose-dependent increase in plaque formation and enhanced 

development of macrophage-rich lesions in ApoE-/- mice. Furthermore, nalmefene administration 

significantly increased oxidized LDL uptake by macrophages in RAW264.7 cell line, while 

simultaneously reducing mRNA expression of μ-, δ-, and κ-opioid receptors [68]. This suggests 

that extended NLX administration during the early stages of atherosclerotic plaque development 

- rather than at the advanced stages observed in our study - could markedly limit both the 

formation and progression of atherosclerotic plaques. 
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Although a significant increase in plasma HDL levels was observed following NLX 

treatment, the functional relevance of this change remains to be clarified. Recent evidence 

suggests that HDL cholesterol levels alone does not adequately represent its atheroprotective 

functions, such as cholesterol efflux capacity, antioxidant properties, or anti-inflammatory 

activity [69]. In fact,  impaired HDL functionality has been proposed as an independent risk factor 

for atherosclerosis in patients with non-alcoholic fatty liver disease [70]. Therefore, it is possible 

that the elevation of HDL levels observed in our model may not necessarily translate into 

cardiovascular protection. In this context, serum amyloid A (Saa) may be of particular relevance, 

as its abundance was reduced after NLX treatment in the proteomic analysis of livers presented 

below (Figure 6b, Publication 2). Elevated serum Saa levels have been shown to interfere with 

HDL function by displacing apoA-I from HDL particles, thereby reducing cholesterol efflux 

capacity [71]. This suggests that the observed decrease in Saa levels may contribute to improved 

HDL functionality, although this hypothesis requires further experimental validation. The liver 

plays a major role in the regulation of lipid metabolism and may therefore represent a key factor 

in processes related to the development of atherosclerosis. Conversely, the progression of 

atherosclerosis contributes to pathological changes in the liver, such as steatosis [72,73]. In the 

results presented in this dissertation, no changes were observed in hepatic steatosis levels or in 

atherosclerotic plaque development. These findings are consistent with other reports showing 

that patients with hepatic steatosis exhibit significantly higher LDL and lower HDL levels 

compared with individuals without steatosis [74].  

Furthermore, studies indicate that hepatic steatosis is more prevalent in patients with carotid 

atherosclerotic plaques and aortic calcification than in those without vascular damage [75]. 

Pediatric and adolescent studies have also demonstrated an association between increased carotid 

intima-media thickness, a high triglyceride-to-HDL ratio, elevated blood pressure, insulin 

resistance, and non-alcoholic fatty liver disease [76]. Although the presented study did not reveal 

changes in hepatic steatosis levels following NLX administration, other studies have shown that 

long-term NLX treatment can reverse morphine-induced histopathological damage [77]. 

Interestingly, administration of another opioid receptor antagonist, naltrexone, for 28 days in 

BDL rats (bile duct-ligated rats, used as a model of liver fibrosis [78]) significantly attenuated 

the development of hepatic fibrosis [79]. Moreover, there were no changes in hepatic fibrosis 

levels after NLX treatment; however, in rats with hepatotoxin-dimethylnitrosamine-induced liver 

fibrosis, NLX reduced collagen deposition after five weeks of treatment [80]. It should be noted, 

though, that in these studies NLX was administered over much longer periods than in our 

experiments. 
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Although histological analysis did not reveal any alterations in hepatic steatosis following 

NLX administration, the expression of genes associated with lipid metabolism was subsequently 

examined in the livers of 36-week-old mice. Among the analyzed genes, no changes were 

observed in expression of Srebf1 or Lpl, whereas a significant decrease in Fabp4 expression was 

detected (Figure 3, publication 2). The Srebf1 gene encodes the transcription factor sterol 

regulatory element binding 1 (Srebf1), which belongs to the family of sterol regulatory element 

binding proteins (SREBPs) that may regulate lipid homeostasis by controlling target genes 

essential for cholesterol and fatty acid metabolism [81]. Srebf1 is a key factor in lipogenesis - the 

metabolic pathway that through which excess carbohydrates are converted into fatty acids, which 

are ultimately esterified with glycerol-3-phosphate to triglycerides [82]. The important role of 

Srebf1 in lipogenesis is underscored by findings indicating that the expression of this gene is 

significantly higher in the liver of patients with nonalcoholic steatosis compared with healthy 

individuals [83]. Moreover, suppression of Sreb-1c expression in hepatocytes via activation of 

5′AMP-activated protein kinase (Ampk) has been shown to protect against hepatic steatosis and 

hyperlipidemia in diet-induced, insulin-resistant LDL receptor-deficient mice [84]. Another study 

revealed that SREBF1/SREBP-1c contributes to hepatic lipid accumulation both through the 

effect of increased lipid synthesis and in combination with reduced lipid degradation, dependent 

on autophagic dysregulation [85]. Additionally, polymorphism in the Srebf-2 gene (which is 

responsible for the regulation of cholesterol homeostasis [81]), have been shown to predispose 

to non-alcoholic fatty liver disease and related cardiometabolic abnormalities, as well as to affects 

liver histology and  glucose and lipid metabolism [86]. Collectively, the studies discussed above 

suggest a negative effect of the Srebf1 gene in hepatic steatosis. In the studies presented in this 

dissertation, no changes in Srebf1 expression were detected in the liver of ApoE-/- mice following 

NLX administration.  

The next gene analyzed was Lpl, which encodes a key enzyme responsible for hydrolyzing 

core triglycerides in chylomicrons and very low-density lipoproteins (VLDL), thereby generating 

chylomicron remnants and intermediate-density lipoproteins (IDL). The liberated fatty acids and 

monoacylglycerols are partially taken up by local tissues and further metabolized. For instance, 

they may be stored as neutral lipids in adipose tissue, oxidized or stored in cardiac and skeletal 

muscle, or accumulated as cholesterol esters and triglycerides within macrophages [87,88]. 

Clinical studies have shown that patients with severe hepatic steatosis exhibit markedly higher 

serum lipoprotein lipase (LPL) activity compared to those with mild or moderate forms of the 

disease [89]. In addition, morbidly obese individuals display significantly increased hepatic LPL 

activity relative to healthy individuals, independent of liver fibrosis or steatosis status [90]. It 

should be noted that the role of LPL in atherosclerosis remains controversial, as both protective 
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and harmful effects have been reported. Some studies showed that NO-1886, an LPL activator, 

improves glucose and lipid metabolism and suppresses atherosclerosis [91–93]. LPL derived for 

example from heart, skeletal muscle, and adipose tissue is generally considered anti-atherogenic 

by lowering atherogenic lipoproteins and raising HDL [94]. In contrast, LPL in the aorta may 

have a pro-atherogenic effect [95]. An increase in plasma LPL activity lowers TG levels and 

raises HDL concentrations, contributing to a protective action against atherosclerosis. However, 

elevated vessel wall LPL promotes atherogenesis, indicating that the role of LPL in 

atherosclerosis is location-dependent [96]. In the presented studies,  no changes in hepatic Lpl 

mRNA expression were observed following NLX treatment.  

The third gene analyzed was Fabp4, which encodes a small, highly conserved cytosolic 

protein that binds long-chain fatty acids and other hydrophobic ligands, thereby regulating 

intracellular lipid transport [97]. While initially identified in adipose tissue, FABP4 is also 

expressed in macrophages, ECs, and cardiomyocytes [97,98]. Studies demonstrated that 

treatment with a Fabp4 inhibitor (50 mg/kg/day for 8 weeks) in combination with rosiglitazone, 

a type II diabetes drug that acts as an insulin sensitizer, attenuated rosiglitazone-induced hepatic 

steatosis in obese diabetic db/db mice [99]. Although, in our study, histological assessment 

revealed no changes in hepatic steatosis following NLX treatment, molecular analysis showed    

a significant reduction in Fabp4 mRNA expression in the liver of ApoE-/- mice (fold change of 

0.8). Fabp4 is considered a critical regulator of lipid transport, metabolism, and storage, and 

elevated protein levels have been linked to hepatic steatosis, particularly in individuals with 

metabolic disorders such as obesity and diabetes [100]. Thus, the observed decrease in Fabp4 

expression may represent an early molecular indicator of hepatic fat accumulation, not yet 

detectable at the histological level. 

An additional indicator of hepatic steatosis is the accumulation of macrophages within the 

liver. In the presented study, immunofluorescence staining of liver cross sections showed 

statistical significance increase in macrophages expression after NLX treatment in ApoE-/- mice 

(Figure 5, publication 2). This finding is consistent with the previous reports demonstrating 

elevated macrophage infiltration during liver steatosis. However, macrophages are                              

a heterogeneous cell population with diverse physiological and pathological roles, encompassing 

both proatherogenic (M1) and protective (M2) subsets [101,102]. A limitation of study presented 

in this dissertation is the lack of distinction between macrophage subtypes. Notably, Liu et al. 

demonstrated that NLX pretreatment markedly reduced macrophage secretion of tumor necrosis 

factor alpha (TNF-α), interleukin-6, monocyte chemoattractant protein-1, and superoxide in 

response to stimulation [67]. Comparable results were obtained in RAW264.7 murine 
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macrophage cell line, further supporting the anti-inflammatory effects of NLX on macrophages 

[103]. 

To comprehensively investigate changes in protein abundance following NLX 

administration, a quantitative proteomic analysis, in key organs involved in the development of 

atherosclerosis, was performed. LC-MS/MS analysis identified and quantified 6574 proteins in 

the liver and 6869 proteins in the aorta. Using threshold values of q < 0.05 and fold change ≥ 2 

or ≤ −2, a total of 38 differentially abundant proteins were identified in the livers of NLX-treated 

mice compared to controls (Figure 6, Publication 2). These proteins were functionally associated 

with muscle structure and function (e.g., Rb1cc1, Pdlim3), cell migration and proliferation (e.g., 

Ifit3), inflammatory and immune responses (e.g., Gbp, Steap4, Fgl1), cell death regulation (e.g., 

Zbp1), and heavy metal binding (e.g., Mt1) (publication 2, Supplementary Materials, Table S1). 

Furthermore, in the aorta, proteomic profiling identified 587 proteins with significantly altered 

expression following NLX treatment (Figure 9a, publication 1). Among these, the 29 most 

markedly abundant proteins with fold change greater than 3 or less than −3 and q < 0.05 were 

selected (Figure 9b, publication 1). These included proteins associated with immune responses 

(e.g., Ccl9, Saa1), lipid metabolism (e.g., Acsm1, Fabp1), wound healing (e.g., Arg1), as well as 

those involved in glycolysis and gluconeogenesis (e.g., Pklr, Aldob, Fbp1) (publication 1, 

Supplementary Materials, Table S2). 

Subsequently, proteins implicated in lipid metabolism and the pathogenesis of 

atherosclerosis were selected for more detailed discussion (Table 2). 
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Table 2. Key proteins highlighted to detailed discussion 

 

Deregulation 
Aorta 

Protein Name Gene 

 Q91Y97 fructose-bisphosphate aldolase B Aldob 

 P30115 glutathione S-transferase A3 Gsta3 

 Q61176 arginase-1 Arg1 

 

The first protein that deserves particular attention is the apolipoprotein B receptor 

(Q8VBT6), encoded by the Apobr gene, whose abundance decreased in liver following NLX 

treatment. This receptor binds apolipoprotein B (ApoB), a molecule that plays a pivotal role in 

the development of atherosclerosis [104,105]. ApoB is a large amphipathic glycoprotein essential 

for  lipoprotein metabolism in humans. The APOB gene generates two isoforms through post-

transcriptional editing: apoB-48, which is essential for the chylomicrons formation in the small 

intestine, and  apoB-100, necessary for the synthesis of VLDL in the liver [104]. Missense 

mutations in the LDL receptor - binding domain of APOB cause familial defective apoB-100 

ligand, a condition characterized by hypercholesterolemia and premature coronary artery disease 

[106]. Studies have also shown that inhibition of ApoB reduces total and LDL cholesterol levels 

in mice [107] as well as LDL levels in humans [108]. Another protein downregulated in the mice 

liver after NLX treatment and that warrants mention is serum amyloid A (Saa) (P05367), encoded 

by the Saa2 gene. Saa represents a family of small apolipoproteins and binds to HDL particles. 

It functions as both an acute-phase marker and pro-inflammatory factor, which serum levels are 

markedly elevated during chronic inflammation in humans [109,110]. Moreover, studies have 

demonstrated that in patients with endotoxin-induced inflammation, macrophage cholesterol 

efflux capacity correlates with elevated Saa1 and Saa2 levels. Similarly, in mice, acute 

inflammation markedly impairs HDL efflux, accompanied by a significant rise in Saa levels 

[111]. Another protein closely linked to cholesterol regulation which abundance was altered by 

NLX in the presented study is nicotinamide N-methyltransferase (O55239), encoded by the Nnmt 

gene. The pivotal role of Nnmt in lipid metabolism is supported by evidence that its inhibition in 

Deregulation 
Liver 

Protein Name Gene 

 Q8VBT6 apolipoprotein B receptor Apobr 

 P05367 serum amyloid A Saa2 

 O55239 nicotinamide N-methyltransferase Nnmt 

 P11588 major urinary protein 1 Mup1 
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L02 human fetal hepatocyte cell line significantly reversed thiamexotham-induced lipid 

accumulation [112]. Moreover, transgenic mice overexpressing Nnmt and fed a high-fat diet 

develop hepatic steatosis, characterized by increased expression of genes involved in fatty acid 

uptake, reduced VLDL secretion, as well as hepatic fibrosis accompanied by the induction of 

inflammatory and fibrotic genes [113]. Notably, inhibition of Nnmt in obese mice has been shown 

to reduce total plasma cholesterol levels [114], while deletion of the Nnmt gene resulted in lower 

total and LDL cholesterol levels in mice with non-alcoholic steatohepatitis [115]. Another NLX-

responsive hepatic protein involved in lipid metabolism is major urinary protein 1 (Mup1) 

(P11588), encoded by Mup1 gene, which abundance increased following NLX administration. 

Mup1, a member of the lipocalin family, is highly secreted into the circulation by the liver. 

Beyond its classical role in binding lipophilic pheromones for chemical communication in 

rodents, Mup1 also regulates glucose and lipid metabolism. Importantly, MUP1 has been shown 

to suppresses lipogenesis - high hepatic Mup1 levels inhibit the expression of stearoyl-CoA 

desaturase-1, fatty acid synthase, carbohydrate response element-binding protein (ChREBP), and 

peroxisome proliferator-activated receptor γ (PPARγ) in db/db mice [116]. Studies also indicated 

that Mup1 levels in the liver, serum, and urine were significantly decreased in both genetically 

and high-fat-diet induced non-alcoholic fatty liver disease mice [117]. However, it should be 

pointed out that there are scientific studies showing that male mice with cluster knockout (deleted 

region between Mup4 and Mup21) of the major urinary protein gene showed lipid accumulation 

in plasma and liver, which was accompanied by hepatic transcripts indicating the activation of 

lipogenesis [118]. 

Among the most significantly altered proteins in the aorta was fructose-bisphosphate 

aldolase B (Q91Y97), encoded by Aldob, which contributes to VSMC proliferation. This is 

supported by studies demonstrating that reduced Aldob expression prevents fructose-induced 

overproduction of methylglyoxal and VSMC proliferation [119]. Excessive proliferation of 

VSMCs is a critical event in the progression of vascular diseases, promoting neointima formation, 

vessel wall thickening, and arterial stiffness - hallmarks of atherosclerosis [119,120]. Another 

protein affected by NLX was glutathione S-transferase A3 (Gsta3) (P30115), encoded by Gsta3. 

This enzyme plays a key role in cellular detoxification, particularly in neutralizing reactive 

oxygen species (ROS) and protecting cells against oxidative stress. Since oxidative stress is              

a major driver of atherogenesis, elevated Gsta3 expression may represent an adaptive cellular 

response aimed at mitigating lipid peroxidation and inflammation within atherosclerotic lesions 

[121]. Additionally, arginase-1 (Q61176), encoded by Arg1, exhibited altered expression 

following NLX administration. Arginase-1  (Arg1) serves as a marker of M2 macrophages, which 

play an important role in atherosclerotic plaque formation as well as in wound healing and tissue 
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repair. In the context of atherosclerosis, M2 macrophages contribute to plaque stability by 

promoting extracellular matrix remodeling; however, they may also participate in excessive 

fibrotic responses that affect plaque composition. Arg1competes with nitric oxide synthase 

(NOS) for L-arginine, thereby reducing nitric oxide (NO) production - a key mediator of 

vasodilation and endothelial function. Decreased NO bioavailability may contribute to vascular 

dysfunction, increased oxidative stress, and enhanced inflammatory responses, exacerbating 

atherosclerosis progression [67,122]. It is important to emphasize that despite numerous 

beneficial effects of the opioid system in cardiovascular diseases, some studies have reported 

detrimental outcomes. For instance, research has revealed a relationship between the opioid 

system and atherosclerosis in the context of depression [123]. The comorbidity between these 

conditions has been attributed to increased atherogenicity, insulin resistance (IR), and immune 

and oxidative stress. Neural network and logistic regression models demonstrated that severe 

depression in patients with acute coronary syndrome or unstable angina was best predicted by 

interleukin-6 (IL-6), MOR, zinc, β-endorphin, calcium, and magnesium, while moderate 

depression was associated with IL-6, zinc, MOR, β-endorphin, atherogenicity, IR, and calcium 

[123]. However, it should be noted that administration of U50488H (a selective κ-opioid receptor 

agonist) attenuated ischemia-induced arrhythmias in rat models [124], while naltrexone, an 

opioid antagonist, prevented stress-induced hypercholesterolemia in rats, suggesting that 

endogenous opioid systems may play a role in the regulation of cholesterol homeostasis, a key 

determinant of atherosclerosis development [65]. 
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6. Conclusions 

 

• Blockade of the opioid system with NLX in ApoE-/- mice induced distinct molecular 

and structural alterations in the vascular wall, immune system, and liver, depending 

on the stage of atherosclerosis. In both young and aged animals, NLX treatment 

significantly downregulated Hmmr gene expression in the aorta, suggesting a 

consistent role of this gene in vascular remodeling. Alterations in collagen gene 

expression and collagen layer thickness indicate that opioid receptor inhibition 

modulates extracellular matrix organization in an age-dependent manner, potentially 

affecting vascular stiffness and resistance. 

 

• Analysis of splenic T-cell subpopulations revealed limited effects of NLX on their 

overall proportions but demonstrated significant alterations in Hmmr expression 

within specific T-cell subpopulations, particularly CD8⁺ and central memory T-cells. 

These findings point to a potential link between opioid signaling, adaptive immunity, 

and vascular inflammation. 

 

• NLX administration in aged mice did not alter atherosclerotic plaque size or hepatic 

steatosis but increased HDL levels, suggesting subtle modulation of  lipid 

metabolism. At the molecular level, NLX reduced hepatic Fabp4 expression, which 

may indicate early protective modulation of lipid metabolism processes. Proteomic 

profiling further supported NLX-induced alterations in proteins involved in lipid 

metabolism, inflammation, oxidative stress, and vascular remodeling. 

 

Overall, the findings suggest that opioid receptor blockade influences multiple mechanisms 

relevant to atherosclerosis - particularly collagen remodeling, lipid metabolism and immune 

regulation. These effects appear to be stage-dependent and may either mitigate or exacerbate 

atherosclerotic processes depending on disease progression and tissue environment. 
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