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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: Col3al
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 Argl in the aorta.
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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 uktad opioidowy jest coraz czesciej postrzegany jako istotny regulator
funkcji naczyniowych, proceséw zapalnych oraz metabolizmu lipidow - kluczowych
mechanizméw odgrywajacych rolg w aterogenezie. Miazdzyca to postgpujaca choroba
zapalna $ciany tetnic, u podstaw ktorej lezy przede wszystkim odktadanie lipidow oraz
zaburzenia regulacji odpowiedzi immunologicznej. Stanowi ona gtowng przyczyng rozwoju
chorob sercowo-naczyniowych. Miazdzyca charakteryzuje si¢ tworzeniem blaszek
miazdzycowych, ktére z czasem prowadza do pogrubienia $ciany tetnicy, utraty jej
elastycznosci i zwezenia §wiatta naczynia, co ogranicza przeptyw krwi do tkanek 1 narzadow.
Pekniecie 1 oderwanie blaszki moze skutkowaé wystgpieniem zawatu migs$nia sercowego,
udaru mozgu lub choroby tetnic obwodowych. Nalezy podkresli¢ ze choroby sercowo-

naczyniowe wciaz pozostajg jedng z gldéwnych przyczyn zgondéw na Swiecie.

W niniejszej pracy zbadano wplyw blokady receptorow opioidowych za pomoca
naloksonu (NLX) na parametry molekularne, strukturalne i immunologiczne zwigzane
Z Tozwojem oraz progresjg miazdzycy u myszy ApoE”. W badaniach wykorzystano mlode
(8-tygodniowe) i starsze (36-tygodniowe) osobniki, reprezentujace odpowiednio wczesne
1 zaawansowane stadium miazdzycy, ktérym podano NLX. W obu grupach wiekowych
podawanie NLX prowadzilo do istotnego obnizenia ekspresji genu Hmmr w aorcie, co
wskazuje na jego potencjalng role w przebudowie naczyn. NLX modulowal réwniez
ekspresje kolagenu w sposob zalezny od stadium choroby - ekspresja Col3al ulegla
obnizeniu u mlodych myszy, natomiast wzrosla u starszych, czemu towarzyszyto istotne
pogrubienie warstwy kolagenowej w aorcie zwierzat 36-tygodniowych. Wyniki te sugeruja,
ze blokada receptoréw opioidowych wplywa na organizacje macierzy zewnatrzkomorkowe;
oraz sztywnos¢ naczyn w zalezno$ci od stadium miazdzycy. Analiza subpopulacji
limfocytéw T w $ledzionie wykazata, Ze NLX nie wptywat istotnie na proporcje komorek
CD4* 1 CDS8*, jednak znaczaco zmienial ekspresj¢ biatka Hmmr w wybranych
subpopulacjach limfocytéw T, co wskazuje na zwigzek pomiedzy uktadem opioidowym
a modulacja odpowiedzi immunologicznej typu adaptacyjnego. U starszych,
36-tygodniowych myszy oceniono rowniez wpltyw blokady uktadu opioidowego na
metabolizm lipidow. Podanie NLX spowodowato wzrost poziomu frakcji HDL w osoczu,
bez istotnych zmian st¢zenia cholesterolu catkowitego, LDL 1 trojglicerydow. Analiza
histologiczna nie wykazata réznic w wielkosci blaszki miazdzycowej ani w nasileniu

sttuszczenia watroby. Dodatkowo, w badaniu ekspresji wybranych genéw zwigzanych
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z metabolizmem lipidow stwierdzono obnizong ekspresj¢ genu Fabp4. Analiza
proteomiczna aorty i watroby wykazala, ze zastosowanie NLX indukuje zmiany w poziomie

biatek zaangazowanych w metabolizm lipidow 1 procesy zapalne.

Podsumowujac, uzyskane wyniki wskazuja, ze blokada receptorow opioidowych za
pomoca NLX oddzialuje na wiele procesow biologicznych, w tym przebudowe naczyn,
regulacje odpowiedzi immunologicznej i metabolizm lipidéw. Cho¢ krotkotrwate leczenie
NLX nie wptywato istotnie na wielko$¢ blaszki miazdzycowej ani na poziom stluszczenia
watroby, zaobserwowane zmiany molekularne i proteomiczne podkreslaja zlozong role
uktadu opioidowego w aterogenezie oraz sugeruja jego potencjat jako celu terapeutycznego

w modulacji szlakow 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-f
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-
B 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 1 and III,
encoded by Collal and Col3al 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 (n, MOR), delta (5, DOR), and kappa (x, 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 B-endorphin, an endogenous p 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-a 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, é 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

e Blocking the opioid system affects the lipid profile of mice with advanced
atherosclerosis.

e Inhibition of the opioid system modulates vascular remodeling in the aorta of ApoE™

mice.

e Blocking the opioid system in a model of advanced atherosclerosis alters the aortic and
hepatic proteome in ApoE” mice.

e Opioid system blockade alters Hmmr gene expression in both early and advanced stages
of atherosclerosis in ApoE™ mice.

3. Objectives

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

advanced atherosclerosis.

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

during the development of atherosclerosis.

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

affects proteomic changes in the aorta and liver.

e 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-Apoe™!V¢/J

(strain. no. 002052) mice on the C57BL/6J background (further referred to as ApoE™”"). Animals
were housed in groups of 45 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°C 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, Collal and Col3al 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 TagMan® probes (Thermo
Fisher Scientific, Waltham, MA, USA; catalogue numbers: Mm00469183 ml;
Mm00802300 ml; Mm00802300_ml; MmO00434764 ml; MmO00550338 ml;
MmO00445878 ml, respectively) and the TagMan® 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 7hp 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 pm 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 ImagelJ
software (version 1.53¢) 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-um
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
CD3e¢ PerCP 145-2C11 BioLegend
CD8a AF700 53-6.7 BioLegend

CD4 BV750 GK 4.5 BioLegend
CD69 PEC7 HI1.2F3 BioLegend
CDh44 AF647 M7 BioLegend

CD62L PE594 MEL-14 BioLegend
CD168 CoraLite488 Polyclonal antibody Proteintech

SSC-A

Figure 2. Gating strategy of flow cytometry analysis
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4.6. Lipid profile analysis
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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 3000xg 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).
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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 CM 1800,
Leica, Germany) set to -20°C and 6um 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 (BMS)
(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°C. 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 6um 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°C. 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 Imagel 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-HCI, 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 pg/ul and spiked with the iRT peptides (Biognosys, Schlieren,
Switzerland). One microgram of peptide was injected into a nanoEaseTM M/Z Peptide BEH C18
75 pmi.d. X 25 cm column (Waters, Milford, MA, USA) via a nanoEaseTM M/Z Symmetry C18
180 um i.d. x 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
MSI1 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.
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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, Collal and Col3al, which are the
most abundant structural proteins of the vessel wall [43,44], was analyzed. While no change was
observed in Collal expression, NLX administration resulted in a significant reduction in Co/3al
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 Collal
gene expression. However, in contrast to young mice, administration of NLX to 36-week-old
mice resulted in decreased expression in Col3al 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 §-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, Col3al expression was
significantly decreased in young mice but increased in aged - 36-week-old animals, while Collal

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 3¢, 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
CD697/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
).

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 p-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 p- and §-opioid receptors and a partial agonist at
K-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 -, 8-, and k-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.

29



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 Srebf] or Lpl, whereas a significant decrease in Fabp4 expression was
detected (Figure 3, publication 2). The Srebfl gene encodes the transcription factor sterol
regulatory element binding 1 (Srebfl), 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 Srebf] gene in hepatic steatosis. In the studies presented in this
dissertation, no changes in SrebfI expression were detected in the liver of ApoE”" mice following

NLX administration.

The next gene analyzed was Lp/, 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

30



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-a), 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., Rblccl, Pdlim3), cell migration and proliferation (e.g.,
Ifit3), inflammatory and immune responses (e.g., Gbp, Steap4, Fgl1), cell death regulation (e.g.,
Zbpl), and heavy metal binding (e.g., Mtl) (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, Saal), lipid metabolism (e.g., Acsm1, Fabpl), wound healing (e.g., Argl), as well as
those involved in glycolysis and gluconeogenesis (e.g., Pklr, Aldob, Fbpl) (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

Liver
Deregulation
Protein Name Gene
l Q8VBT6 apolipoprotein B receptor Apobr
l P05367 serum amyloid A Saa?2
JL 055239 nicotinamide N-methyltransferase Nnmt
P11588 major urinary protein 1 Mupl
Aorta
Deregulation
Protein Name Gene
l Q91Y97 fructose-bisphosphate aldolase B Aldob
l P30115 glutathione S-transferase A3 Gsta3
l Q61176 arginase-1 Argl

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 Saal 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 (055239), encoded by the Nnmt

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

33



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 Num¢ 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 (Mupl)
(P11588), encoded by Mupl gene, which abundance increased following NLX administration.
Mupl, 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, Mup! also regulates glucose and lipid metabolism. Importantly, MUP1 has been shown
to suppresses lipogenesis - high hepatic Mupl levels inhibit the expression of stearoyl-CoA
desaturase-1, fatty acid synthase, carbohydrate response element-binding protein (ChREBP), and
peroxisome proliferator-activated receptor y (PPARY) in db/db mice [116]. Studies also indicated
that Mupl 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 Argl, exhibited altered expression
following NLX administration. Arginase-1 (Argl) 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. Arglcompetes 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, B-endorphin, calcium, and magnesium, while moderate
depression was associated with IL-6, zinc, MOR, B-endorphin, atherogenicity, IR, and calcium
[123]. However, it should be noted that administration of US0488H (a selective k-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

e 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.

e 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.

e 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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Abstract

Atherosclerosis is common cardiovascular disease, leading to complications such as my-
ocardial infarction and stroke. The main causes of these diseases are lipid accumulation
and inflammation in large arteries. In this study, we investigated whether opioid recep-
tor blockade impacts factors involved in atherosclerosis development. We administered
naloxone to 8-week-old and 36-week-old ApoE~/~ mice, then examined the expression of
Collal, and Col3a1 in the aorta, as well as the influence of naloxone administration on aortic
collagen layer thickness and proteomic changes in the aorta. Additionally, we assessed
the impact of naloxone on the splenic T-cell populations. The results showed that Col3a1
expression decreased in young mice but increased in older mice. In 36-week-old mice,
naloxone administration led to an increase in aortic collagen layer thickness, but remained
unchanged in young mice. Proteomic analysis identified 587 proteins that were altered
following naloxone treatment. Our studies suggest that the opioid system is an important
factor in atherosclerosis development.

Keywords: atherosclerosis; opioid system; aorta; naloxone

1. Introduction

Atherosclerosis is the most common form of cardiovascular disease (CVD), where the
main, but not only, components are lipid accumulation and inflammation in large arteries,
which can lead to serious clinical complications such as myocardial infarction or stroke [1,2].
Noteworthy, atherosclerosis remains a leading cause of mortality in developed countries [3].
The major players in the development of this disease are endothelial cells (ECs), leukocytes,
and intimal smooth muscle cells (SMCs) that are mobilized in response to inflammation
and lead to the formation of atherosclerotic plaque [3,4].

In the early stages of atherosclerosis, disturbed blood flow alters ECs, increasing their
permeability and allowing plasma low-density lipoprotein (LDL) and triglyceride-rich
lipoproteins to enter the vessel wall through trans-endothelial transport or diffusion at
cell junctions [5]. Oxidation of these lipoproteins and other inflammatory mediators then
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activate ECs, resulting in the increased expression of P-selectin, E-selectin, vascular cell
adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1), which
further promote the adhesion of leukocytes, especially monocytes, and secretion of chemo-
tactic factors [6,7]. Once entering the intima, monocytes differentiate into macrophages in
response to macrophage colony-stimulating factor (M-CSF) and other cytokines [8]. These
macrophages are crucial to lesion progression, as shown by the fact that M-CSF-null mice on
a hypercholesterolemic background are almost entirely resistant to lesion development [9].
Lesional macrophages internalize modified lipoproteins through scavenger receptors or
phagocytose-aggregated lipoproteins, becoming cholesterol-loaded foam cells, which con-
tribute to the enlargement and instability of the atherosclerotic plaque [10,11]. T-cells also
play a key role in the pathogenesis of atherosclerosis, contributing to both the initiation and
progression of the disease. They are involved in the immune response within the arterial
walls, where they recognize modified lipoproteins and activate inflammatory pathways.
Specifically, CD4* T-cells can help orchestrate the inflammatory environment, while CD8*
T-cells may influence plaque stability. This immune response promotes endothelial dys-
function, smooth muscle cell proliferation, and foam cell formation, all of which contribute
to the development of atherosclerotic plaques. Additionally, T-cells can impact the balance
between pro-inflammatory and anti-inflammatory responses, influencing disease outcomes
and plaque stability [12,13].

In the initial stages of atherosclerosis, collagen is a key component driving vascular
remodelling by shaping the extracellular matrix. The vessel wall contains at least 19 types
of collagen, while type I and III collagen encoded by Collal and Col3al genes, respectively,
predominate, providing tensile strength and elasticity [14,15]. In the aortic wall, SMCs
synthesize collagen and perform a contractile role. During atherosclerotic plaque formation,
SMCs migrate from the media to the intima, increasing collagen content [16]. Mesenchymal
SMCs migrating to the vascular intima produce extracellular matrix (ECM) proteins such
as collagen, and secrete matrix metalloproteinases (MMPs), contributing to ECM deposits
arising and further plaque formation [17]. Inflammatory cells, such as macrophages in in-
flamed atherosclerotic plaques, also release MMPs, causing degradation of matrix collagen
and, along with SMCs apoptosis in the intima, impair collagen synthesis. This dynamic
imbalance between collagen synthesis and degradation may potentially make the plaque
more prone to rupture [18,19].

Atherosclerosis is a chronic inflammatory disease of the arterial wall characterized
by lipid accumulation, immune cell infiltration, ECM remodelling, and progressive struc-
tural changes in the vasculature. A key component of this process involves interactions
between vascular cells and hyaluronan (HA), a major glycosaminoglycan of the ECM that
regulates cellular adhesion, migration, proliferation, and inflammatory responses. These
HA-mediated processes are especially critical during the early stages of atherosclerosis,
when initial immune cell recruitment and subtle structural remodelling begin to shape the
nascent lesion environment.

Among the known HA receptors, CD44 has been extensively studied and is recognized
for its central role in coordinating immune responses and vascular remodelling during
atherogenesis. CD44 mediates leukocyte adhesion and migration into the intima, supports
macrophage retention and foam cell formation, and promotes vascular smooth muscle
cell (VSMC) proliferation and migration [20]. These actions contribute significantly to
early lesion development, even before significant luminal narrowing occurs. Notably,
studies using CD44-deficient mouse models have shown reduced lesion formation, de-
creased inflammatory cell content, and impaired VSMC accumulation, highlighting CD44
as a key regulator of both the immune and structural remodelling components of early
atherosclerosis [21].
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Building upon this established role of CD44, we turned our attention to another
hyaluronan receptor, HMMR (Hyaluronan-Mediated Motility Receptor, also known as
RHAMM). While HMMR is known to regulate cell motility, inflammatory signalling, and
cytoskeletal dynamics in various biological contexts, its function in atherosclerosis remains
largely unexplored [22-24]. Given that CD44 and HMMR can mediate both overlapping
and distinct pathways in HA signalling, we hypothesized that HMMR may also participate
in the initiation and progression of atherosclerotic lesions.

Studies indicate that Hmmr expression was absent in uninjured hearts but markedly
increased throughout the entire heart following ventricular resection in zebrafish [25].
Similarly, in a rat model of myocardial infarction, neither HMMR nor HA was detected in
uninjured hearts; however, both were upregulated and localized in the infarct area within
the first few days post-injury [25]. These findings confirm that both Hmmr and HA play
arole in the formation of scar tissue in response to damage. As we know, atherosclerosis
development was believed to be initiated by endothelial injury. It was called the “response
to injury” hypothesis [26]. However, nowadays, more factors involved in this process have
been determined where the endothelial layer remains undamaged; therefore, the term
“endothelial dysfunction” is adopted. Despite this, the atherosclerosis development process
has a lot in common with the formation of scar tissue in response to damage.

Another new factor playing a role in vascular remodelling during atherosclerosis
may be the opioid system. In Human Aortic Vascular Smooth Muscle Cells (HASMC)
p-endorphin treatment (an endogenous opioid peptide) significantly increased smooth
muscle cells migration and proliferation [27]. Our data show that naloxone may modify
lipid profile in ApoE~/~ mice after naloxone treatment and affects proteome profile in the
liver [28]. Moreover, our unpublished data indicate a statistically significant increase in
Hmmr expression in mice with high opioid system activity [29,30] after treatment with the
opioid receptor antagonist, naloxone.

The above findings allow us to assume there is a connection between the opioid
system and vascular remodelling in early atherosclerosis, as well as a role of Hmmir in the
progression of this disease. Studying the disease under chow diet conditions allows us to
better isolate and understand the specific effects of opioid receptor blockade, without the
influence of diet-induced processes [31-33].

2. Materials and Methods
2.1, Animals

All experiments were performed on 8-week and 36-week-old, male B6.129P2-
Apoe™Une /T (strain, no. 002052) mice on the C57BL/ 6] background (further referred to as
ApoE~/~). Animals were housed in groups of 4-5 individuals and maintained in an 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 °C 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 carried out in accordance with the ethical clearance (permission no. WAW?2/093/2024)
received from the Il Local Ethics Committee for Experiments on Animals in Warsaw.

2.2. Drug and 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 antago-
nist, naloxone hydrochloride (NLX) (Sigma-Aldrich, St. Louis, MO, USA) was admin-
istered. Individuals belonging to the NLX-treated group received daily intraperitoneal
injections of freshly prepared NLX dissolved in saline (0.9% NaCl) at a dose of 10 mg/kg
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for 7 consecutive days. Mice of the control group were administered an equivalent volume
of saline.

2.3. Measurement of mRNA Expression

RNA from aorta was isolated using TRItidy G (PanReac AppliChem, Darmstadt,
Germany) according to manufacturer’s protocol. Total RNA concentration was measured
by Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription of
RNA was carried out using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). The expression of Hmmr, Collal and Col3al at mRNA
level in the aorta was analyzed using TagMan® probes (Thermo Fisher Scientific, cata-
logue numbers: Mm00469183_m1; Mm00802300_m1; Mm00802300_m1, respectively) and
the TagMan® Real-Time PCR Master Mix (Thermo Fisher Scientific). Reactions were per-
formed on 96-well plates using the LightCycler 96 System (Roche Diagnostics, Mannheim,
Germany) Real-Time PCR according to standard protocol. Data analysis was conducted
using LightCycler 96 Software. Data were normalized to Thp (Mm01277042_m1; Thermo
Fisher Scientific) mRNA levels and relative quantification was calculated.

2.4. Trichrome Staining

Thoracic aortas were fixed in formalin and dehydrated in increasing series of alcohols
(70%, 80%, 96%, 99.8%), two changes each for 30 min at room temperature, followed by
clearing in two changes in xylene (Warchem, Warsaw, Poland) for 15 min each. After that,
tissues were transferred to mixture of toluene/paraffin (1:1) and incubated for 2 h in 60 °C.
In the final step, each aorta was placed in pure molten paraffin overnight and embedded in
paraffin blocks. Processed tissue was sectioned on microtome (Hyrax M25, Zeiss, Germany)
for 6 um thick slices and placed on microscopic slides. Before staining, specimens were
deparaffinized in two changes in xylene and hydrated in decreasing series of alcohols.
Further, trichrome stain was performed with Trichrome Stain (Masson) Kit (Sigma-Aldrich,
St. Louis, MO, USA) according to manufacturer’s protocol. 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 Image] 1.54g software.

2.5. Flow Cytometry

Spleens were harvested and mashed through 70 pm 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 (Biolegend,
USA). For intracellular staining of CD168 (HMMR) (Proteintech, Rosemont, IL, USA), 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. To analyze T-cell subpopulations,
the gating strategy presented in Figure 51 was applied. Briefly, doublets were excluded
by plotting forward scatter height versus area. From the resulting gate, CD3-positive
cells were selected to define total T-cells, which were then further subdivided into CD4-
positive and CD8-positive subsets. To distinguish naive, central memory, and effector
T-cells in mouse samples, CD44 and CD62L expression was used: naive T-cells were
identified as CD44~ CD62L*, central memory T-cells as CD44* CD62L*, and effector
T-cells as CD44* CD62L~. CDé9-positive cells were gated within the CD4-positive T-
cell population. HMMR-positive cells were identified based on histogram plots using
FMO (fluorescence-minus-one) controls, and analyzed within CD4*, CD8*, naive, central
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memory, effector, and CD69* /CD4" T-cell subsets. A complete list of antibodies used is
provided in Supplementary Table S1.

2.6. Liquid Chromatography~Tandem Mass Spectrometry (LC-MS/MS) Analysis

Mouse aortas 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 sulphate,
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 [34]. An amount of 70 pg of protein
was digested overnight using the filter-aided sample preparation (FASP) method [35]
with Trypsin/Lys-C mix (Promega, Madison, WI, USA) (enzyme-to-protein ratio 1:35)
as the digestion enzymes. Next, the samples were purified with C18 Ultra-Micro Spin
Columns (Harvard Apparatus, Holliston, MA, USA). All samples were dissolved in 0.1%
formic acid (FA) at a concentration of 0.5 pg/uL and spiked with the indexed retention
time (iRT) peptides (Biognosys, Schlieren, Switzerland). A total of 1 ug of peptide was
injected into a nanoEaseTM M/Z Peptide BEH C18 75 ym i.d. x 25 cm column (Waters,
Milford, MA, USA) via a nanoEaseTM M/Z Symmetry C18 180 um id. X 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% acetonitrile (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 as follows: 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 automatic gain control
(AGQC) set to custom 1000%. The DIA MS data were analyzed in Spectronaut 19 (Biognosys,
Schlieren, Switzerland) [36] software using directDIATM approach. MS data were filtered
by 1% false discovery rate (FDR) at the peptide and protein levels, while quantitation
was performed at the MS2 level, and global imputation with a missingness rate set to 0.7
was used. Statistical analysis of differential protein abundance was performed at both
the MS1 and MS2 levels [37] using unpaired t tests with multiple testing correction after
Storey [38,39]. A summary of the quality control for the LC-MS/MS runs is shown in
Supplementary Figure S2 (available in link provided after Conclusions paragraph). The
mass spectrometry data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository [40] with the dataset identifier PXD064451.

2.7. Statistical Analysis

Firstly, data for all analyses underwent normality check by Shapiro-Wilk test, followed
by two-sided Student’s t-test to assess changes between saline-treated and NLX-treated
groups. Results were considered as statistically significant when p-value was less than 0.05.
Results presented on graphs are expressed as means + SD.

3. Results

3.1. Effect of the NLX Administration on the Expression of Hmmyr, Collal, Col3al in
8-Week-Old Mice

NLX treatment in ApoE~/~ mice led to a statistically significant decrease in Hmmyr
gene expression (NaCl 1.07 £ 0.41 vs. NLX 0.61 + 0.18) (p = 0.018). We did not observe
changes in the expression of the Collal (NaCl 1.04 + 0.31 vs. NLX 0.83 + 0.16); however,
administration of NLX caused decreased expression of Col3a1 (NaCl 1.03 % 0.29 vs. NLX
0.66 + 0.27) (p = 0.028) (Figure 1).
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Figure 1. Expression of (a) Hmmr, (b) Collal and (c) Col3a1 mRNA normalized to Tpb in aorta of
8-week-old ApoE~/~ mice (1 = 7 per group) * p < 0.05.

3.2. Effect of the NLX Administration on Collagen Layer Thickness in Thoracic Aorta in
8-Week-Old Mice

Blockade of opioid receptors with NLX did not cause significant changes in the
thickness of the collagen layer in the aorta of 8-week-old mice (NaCl 8.53 £ 1.4 pm vs. NLX
9.38 £ 1.11 pum) (Figure 2).

&
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Figure 2. Representative images of Masson’s trichrome-stained thoracic aorta evaluated for collagen
thickness in 8-week-old mice after NLX administration. (a) Conirol (1 = 6); (b) treatment group
{(n =7); (¢) collagen thickness measured in aorta of control and treated group.
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3.3. Effect of the Opioid System Blockade on the T-Cell Subpopulations

Subpopulations of splenic T-cells collected from 8-week-old ApoE~/~ mice after
7 days of the NLX administration were characterized by flow cytometry. Results re-
vealed that the blockade of the opioid system did not affect a percentage of CD4* T-
cells (NaCl 66.72 £ 3.09% vs. NLX 67.82 % 2.59%) and CD8"* T-cells (NaCl 28.27 + 2.55%
vs. NLX 27.36 + 3.05%) (Figure 3a). We observed a statistically significant increase
in naive (NaCl 61.25 + 4.91% vs. NLX 68.06 + 6.41%) (p = 0.031) and central memory
(CM) (NaCl 16.19 + 1.51% vs. NLX 11.72 £ 1.37%) (p = 8.22490 x 10~5) but not in effec-
tor (NaCl 10.03 + 1.92% vs. NLX 9.21 + 1.49%) subpopulation (Figure 3b). Administra-
tion of NLX did not cause changes in subpopulation of effector (NaCl 11.77 + 2.23% vs.
NLX 10.63 = 1.96%) and CD69* (NaCl 11.28 =+ 5.09% vs. NLX 8.55 + 1.35%) CD4* T-
cells, but we observed statistical increase in naive (NaCl 62.03 + 4.89% vs. NLX 69.78
+ 5.79%) (p =0.013) and CM (NaCl 16.34 £ 1.96% vs. NLX 11.40 + 2.45%) (p = 0.001)
CD4* T-cells (Figure 3c). Moreover, we observed decrease in CM (NaCl 9.04 + 2.05%
vs. NLX 5.75 + 2.04%) (p = 0.007) CD8* T-cells but not in naive (NaCl 70.75 + 6.83% vs.
NLX 75.25 + 9.39%) or effector (NaCl 1.78 & 0.87% vs. NLX 1.28 + 0.49%) CD8" T-cells
(Figure 3d).
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Figure 3. Percentage of T-cell subpopulations (a,b) isolated from spleen of 8-week-old mice after
opioid receptors blockage with NLX. (c) Percentage of effector, naive, CM and CD69* cells among
CD4" cells. (d) Percentage of effector, naive, CM cells among CD8* T-cell subpopulations (n =7 per
group), * p < 0.05, ** p < 0.01; *** p < 0.001,

NLX treatment did not affect HMMR expression on CD4*+ T-cells (NaCl 42.15 + 4.29%
vs. NLX 36.88 + 5.57%) but decreased its expression on CD8* T-cells (NaCl 26.46 + 4.30%
vs. NLX 13.00 & 6.25%) (p ~ 0.0008) and CD69* /CD4* T-cells (NaCl 40.10 + 3.31% vs. NLX
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29.90 + 5.64%) (p = 0.001) (Figure 4a). We also observed decreased HMMR expression in CM
(NaCl 42.26 + 4.03% vs. NLX 29.37 & 5.09%) (p = 0.0003) and naive (NaCl 34.75 & 2.66%
vs. NLX 25.50 £ 6.36%) (p = 0.007) but not in effector (NaCl 32.18 + 4.19% vs. NLX
28.43 £ 3.75%) subpopulations (Figure 4b).
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Figure 4. (a) Hmmyr expression on CD4%, CD8" and activated CD4* T-cells. (b) Hmmr expression on
effector, naive, and CM subpopulation of T-cells (n = 7 per group); ** p < 0.01; *** p < 0.001.
3.4. Effect of the NLX Treatment on the Expression of HMMR Hmmr, Collal, Col3al in
36-Week-Old Mice
After NLX administration, we observed a statistically significant decrease in Hmmr
gene expression in comparison to control group (NaCl 1.29 + 0.61 vs. NLX 0.78 + 0.33)
(p=0.028). We did not observe changes in the expression of the Collal gene (NaCl
0.98 + 0.28 vs. NLX 1.19 + 0.24); however, NLX treatment led to significant decrease
in Col3al gene expression (NaCl 0.97 £ 0.35 vs. NLX 1.31 £ 0.35) (p = 0.042) (Figure 5).
. b) ©)
2.5- 2.0- 2.5+ *
5 5
E ] ] J
2.0 g 1.5+ a 2 2.0
= = .
g 157 Ty S5 157
F4 <3 1.0 ]
b A S zZ 3
£ 1.0 £ o & 21,04
3 ..,L E s
oy e b
0.5 5 0F S 051
= s -
0 %}
o,o T T 0.0 T | 0.0 1 T
N 3 S\ N\
& & & & & &
X X X N X N
y § $ & $ &
W U W

Figure 5. Expression of (a) Hmmyr, (b) Collal and (c) Col3a1 mRNA normalized to Tbp in aorta of
36-week-old ApoE~/~ mice (NaCl n = 11; NLX n = 10) * p < 0.05.

3.5. Effect of the NLX Administration on Collagen Layer Thickness in Thoracic Aorta in
36-Week-Old Mice

Blockade of opioid receptors with NLX resulted in alterations in the thickness of the
collagen layer in the aorta as shown by a significant ¢-test result (p = 0.022). Measurement



Cells 2025, 14, 1559

90of 18

of the collagen layer revealed that it was significantly thicker in mice treated with NLX
(13.43 £ 1.91 pm) compared to the NaCl (control) group (10.89 + 1.69 um)(Figure 6).
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Figure 6. Representative images of Masson’s trichrome-stained thoracic aorta evaluated for colla-
gen thickness in 36-week-old mice after NLX administration. (a) control (b) after NLX treatment
() collagen thickness measured in aorta of control and NLX-treated group (1 = 8 per group), * p < 0.05.

3.6. Effect of the Opioid System Blockade on the T-Cell Subpopulations

Subpopulations of splenic T-cells from 36-week-old ApoE~/~ mice after 7 days of
the NLX administration were characterized by flow cytometry. Results revealed that
the blockade of the opioid system did not affect a percentage of CD4* T-cells (NaCl
63.73 & 5.25% vs. NLX 57.82 & 8.54%) and CD8* T-cells (NaCl 20.93 + 3.57% vs. NLX
21.28 + 3.05%) (Figure 7a). We also did not observe changes in naive (NaCl 37.24 + 8.72%
vs. NLX 32.95 + 9.52%) or effector (NaCl 37.97 + 7.56% vs. NLX 37.98 + 10.85%) subpop-
ulations but we observed statistically significant increase in CM subpopulation (NaCl
12.93 +2.00% vs. NLX 17.61 + 5.04%) (p = 0.028) (Figure 7a). Administration of NLX
did not cause changes in subpopulation of effector (NaCl 49.06 + 8.82% vs. NLX 49.86
+ 13.42%), naive (NaCl 32.63 + 8.52% vs. NLX 30.20 + 12.43%), CM (NaCl 9.20 + 1.91%
vs. NLX 10.97 & 3.25%), and CD69* (NaCl 27.10 + 7.33% vs. NLX 24.18 + 7.02%) CD4*
T-cells (Figure 7b). However, we observed increase in CM (NaCl 15.60 =+ 2.85% vs. NLX
21.96 =+ 3.81%) (p = 0.002) CD8* T-cells but not in naive (NaCl 67.47 + 6.73% vs. NLX
57.81 & 12.50%) or effector (NaCl 6.71 + 2.73% vs. NLX 10.22 + 6.36%) CD8* T-cells

(Figure 7c).
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Figure 7. Percentage of T-cell subpopulations (a,b) isolated from spleen of 36-week-old mice after
blockage of the opioid receptors. Percentage of effector, naive, CM, and CD69* cells among CD4*
cells. (¢) Percentage of effector, naive, CM cells among CD8* cells. (d) T-cell subpopulations (n =8
per group) * p < 0.05; ** p <0.01.

Furthermore, NLX administration affected HMMR expression on CD4* T-cells (NaCl
14.63 & 5.61% vs. NLX 36.30 + 10.91%) (p =~ 0.0002), CD8* T-cells (NaCl 21.58 + 6.49%
vs. NLX 47.97 £ 13.15%) (p =~ 0.0002), and CD69* /CD4* T-cells (NaCl 21.84 + 7.09% vs.
NLX 47.34 £ 10.10%) (p = 4.24152 x 10~°) (Figure 8b). We also observed statistically signif-
icant increase in HMMR expression in CM (NaCl 34.00 + 8.36% vs. NLX 61.89 + 8.95%)
(p = 1.54018 x 10~5), naive (NaCl 10.36 & 4.35% vs. NLX 27.24 =+ 9.77%) (p = 0.0006), and
effector (NaCl 23.06 & 5.54% vs. NLX 50.31 £ 10.56%) (p = 1.49284 x 10~5) subpopulations
(Figure 8a).
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Figure 8. (a) HMMR expression on CD4*, CD8", and activated CD4" T-cells. (b) HMMR expression
on effector, naive, and CM subpopulation of T-cells (n = 9 per group) *** p < 0.001.
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3.7. Impact of NLX Administration on the Proteomic Profile of Aortas in 36-Week-Old Mice

We performed proteomic analysis of aortas collected from ApoE~/~ 36-week-old mice
following NLX administration. Analysis identified 6869 proteins, with 587 showing signifi-
cant differential expression (Figure 9a). From this subset, we selected 29 proteins with a fold
change greater than 3 or less than —3 (Figure 9b). This subset included proteins involved in
muscle function and structure, proteins related to cell migration and proliferation, proteins
associated with the inflammatory response and immune system, proteins involved in cell
death, and proteins that bind heavy metals (Supplementary Table S2).
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Figure 9. (a) Volcano plot for NLX-treated and non-treated mice (cut off; p value < 0.05,
fold change > 3.0 and <-3.0) with the most up- and downregulated proteins shown (red dots);
(b) proteomic data obtained from aortas isolated from ApoE~/~ mice after NLX administration
compared to non-treated. Proteins relevant to vascular dysfunction are highlighted in red (cut off:
p value < 0.05, fold change > 3.0 and <—3.0) ( = 7 in control group, # = 8 in NLX group).
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4. Discussion

Current atherosclerosis treatments have remained unchanged for years, and mainly
have focused on lowering cholesterol levels, omitting other important causes of atheroscle-
rosis development [41-43]. Therefore, it is crucial to investigate new potential factors
contributing to the development of the disease [44,45]. In this study, we undertook an
investigation of the relationship between the opioid system and vascular remodelling
involved in the development of atherosclerosis, with particular interest in the Hmmr gene
role in this process. In order to specifically address the early stages of atherosclerosis
development, we employed mice maintained on a chow diet, in which disease progres-
sion occurs at a slower rate. Animals were analyzed at two time points, representing
an early stage (8-week-old) and a more advanced stage (36-week-old) of atherosclerosis
(Supplement, Figure S3). Moreover, to explore whether opioid receptor blockade affects
adaptive immunity, we analyzed splenic T-cell subpopulations in ApoE~/~ mice following
NLX administration. Although macrophages are key mediators of atherosclerotic plaque
formation, their numbers in the aortas of chow-fed ApoE~/~ mice are very low, making
reliable visualization and quantification challenging [46,47]. In contrast, the spleen is a
major secondary lymphoid organ that contains abundant naive, effector, and memory
T-cells, allowing a robust assessment of systemic immune modulation.

Our previous observations and the literature indicating that the hyaluronan-mediated
motility receptor participates in tissue repair, fibrosis, and cardiovascular remodelling, and
that its expression can be modulated by opioid system activity, led us to investigate whether
NLX administration would affect Hmmr expression in ApoE~/~ mice. We analyzed both
young 8-week-old animals, representing an early stage of atherosclerosis, and 36-week-old
mice, which display more advanced vascular changes. In both groups, Hmmr expression
decreased significantly following NLX treatment. This may suggest an important role of
the Himmr gene in vascular remodelling at early and advanced stages of atherosclerosis
development. Considering the important role of collagen in the formation of atherosclerotic
plaque, we examined the mRNA expression of its two forms Col1al and Col3a1, the content
of which is highest in the vessel wall [48,49]. In the case of Col3al, we observed a significant
decrease in expression after NLX administration in 8-week-old mice compared to saline-
treated animals of the same age, and interestingly, a significant increase in expression in
36-week-old mice. A similar trend was noted for Colla1, though these changes were not
statistically significant. It is known that prolonged exposure to opioid antagonists can
increase tissue collagen content, as evidenced by studies with naltrexone [50,51]. Chronic
elevated expression of collagen I isoforms has also been found to increase tissue stiffness and
fibrosis, while increased expression of collagen III attenuates stiffness [52], and an imbalance
between the synthesis of the two types affects the elasticity of veins [53]. Furthermore,
age-related changes in collagen accumulation and the relative proportions of type I and III
collagen have been well documented, but these changes may vary across tissue types [54].
With age, collagen type III content decreases in the heart and aorta up to the distal parts [55];
therefore, increased vascular stiffening with age is a natural consequence of ageing. We did
not observe significant differences in collagen expression between 8-week-old and 36-week-
old saline-treated mice indicating that the observed changes in collagen expression are not
due to age differences but to NLX treatment. Changes in vascular stiffness due to affected
expression and production of distinct collagen types ration upon naloxone treatment likely
support plaque formation, though increased vessel rigidity has been evidenced to be a
consequence of atherosclerosis development, rather than a causative factor. However,
naloxone may enhance this pathological process [56]. The data suggest a relationship
between the opioid system and factors involved in the development of atherosclerosis.
Opioids, through their action on opioid receptors, may influence inflammatory processes
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and vascular remodelling, which are crucial in the development of atherosclerotic changes.
Therefore, to investigate whether the blockade of opioid receptors affects the remodelling
of the aortic wall, we measured the thickness of the collagen layer in the thoracic aorta of
8-week-old and 36-week-old mice following NLX treatment. We did not observe changes in
the collagen layer in aorta of 8-week-old mice; however, we observed statistically significant
thickening of the collagen layer in aorta of mice with advanced atherosclerosis, after NLX
administration. This suggests that NLX may enhance the resistance of the aortic wall,
which could have a potential protective effect in diseases such as hypertension and could
contribute to inhibiting the development of aneurysms. This is supported by studies
showing that treatment of aortic rings collected from pigs with collagenase led to an
increase in aortic diameter and altered vessel stiffness, making it less resistant to increased
blood pressure [57]. Moreover, a lower percentage of collagen in the aortic wall has been
observed in aortic dissection and aortic aneurysm. The reduced collagen content in the
vessel wall likely contributed to its weakening, which is a fundamental characteristic of
both conditions [58]. Additionally, similar studies have been performed using another
opioid receptor antagonist—naltrexone. Topical application of naltrexone to wounds in
rats with type 1 diabetes resulted in enhanced collagen formation, and thus skin integrity,
making the skin more difficult to tear than in vehicle-treated animals [59].

Opioids are known to modulate immune function, particularly by influencing T-cell
activation, differentiation, and cytokine release, which are processes strongly implicated
in the initiation and progression of atherosclerosis [12,60]. T-cells contribute significantly
to vascular inflammation and can influence plaque development [12,61]. We therefore
examined whether blockade of the opioid system with NLX would alter splenic T-cell
subpopulations in ApoE~/~ mice. In addition, since Hmmr has been linked to tissue re-
modelling and immune cell activation, but its role in T-cells during atherosclerosis remains
unexplored, we evaluated its expression on different T-cell subsets. This approach allowed
us to investigate a novel connection between opioid signalling, immune modulation, and
Hmmr regulation in adaptive immunity at both early and more advanced stages of the dis-
ease. We characterized subpopulations of splenic T-cells from 8-week-old and 36-week-old
ApoE~/~ mice. Results revealed that in young mice, NLX administration did not affect
a percentage of CD4" T-cells and CD8* T-cells. We observed significant increase in naive,
decrease in CM, but no changes in effector subpopulation. Subpopulation of effector CD4*
T-cells remained unchanged but we observed statistical increase in naive and decrease in
CM CD4* T-cells. Moreover, we observed decrease in CM CD8* T-cells but not in naive
or effector CD8* T-cells. Then, we indicated if NLX treatment affects HMMR expression
in T-cell subpopulations. We did not observe any changes in HMMR expression on CD4*
T-cells and effector subpopulation. But decreased HMMR expression was observed on
CD8* T-cells and CD69* /CD4* T-cells as well as in CM and naive subpopulations. Addi-
tionally, we investigated the effects of opioid receptor blockade on the T-cell population
in 36-week-old mice. We did not observe changes in CD4* T-cells and CD8* T-cells. We
also did not observe changes in naive or effector subpopulations but there was statistically
significant increase in CM subpopulation. Administration of NLX did not cause changes
in effector, naive, and CM CD4* T-cells. However, we observed increase in CM CD8*
T-cells, but not in naive or effector CD8* T-cells. In line with our data, administration
of cyprodime (u-opioid receptor antagonist) to mice selected for high analgesia induced
by swim stress caused increase in CM CD8* T-cells population [62]. NLX administration
affected HMMR expression on CD4* T-cells, CD8* T-cells, and CD69* /CD4* T-cells. We
also observed statistically significant increase in HMMR expression in CM, naive, and
effector subpopulations. While the results do not reveal a lot of significant changes in the
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T-cells population following NLX treatment, they suggest a link between opioid system
blockade, HMMR expression, and the progression of atherosclerosis.

In addition to structural changes, NLX administration significantly altered the pro-
teomic landscape of the aorta. We identified 6869 proteins, 587 of which had significantly
altered expression after NLX treatment in aorta of 36-week-old ApoE~/~ mice compared
to control. Among the proteins with most changed expressions were proteins such as
fructose-bisphosphate aldolase B (Q91Y97) encoded by the Aldob gene, which plays a
role in the proliferation of vascular smooth muscle cells. The excessive proliferation of
VSMCs is a key event in the progression of vascular diseases, as it contributes to neointima
formation, vascular wall thickening, and arterial stiffness, all of which are characteristic of
atherosclerosis [63,64]. Another altered protein encoded by the Gsta3 gene is glutathione
S-transferase A3 (P30115). This enzyme plays a critical role in cellular detoxification pro-
cesses, particularly in neutralizing reactive oxygen species (ROS) and protecting cells from
oxidative stress. Since oxidative stress is a major contributor to atherogenesis, increased
expression of GSTA3 may indicate an adaptive cellular response aimed at counteracting the
damaging effects of lipid peroxidation and inflammation within atherosclerotic lesions [65].
Additionally, another protein with altered expression is arginase-1 (Q61176), encoded by
the Argl. This protein is a marker of M2 macrophages, which play an important role in the
formation of atherosclerotic plaque and also play a key role in wound healing and tissue
repair. In the context of atherosclerosis, M2 macrophages contribute to plaque stability
by promoting extracellular matrix remodelling; however, they may also be involved in
excessive fibrotic responses that can affect plaque composition. Arginase-1 competes with
nitric oxide synthase (NOS) for L-arginine, leading to a reduction in nitric oxide (NO)
production, a crucial molecule responsible for vasodilation and endothelial function. De-
creased NO bioavailability can contribute to vascular dysfunction, increased oxidative
stress, and heightened inflammatory responses, all of which exacerbate atherosclerotic dis-
ease progression [66,67]. However, we need to underline that despite the many beneficial
effects of the opioid system in cardiovascular diseases, some studies have reported harmful
effects. An example of this is research showing a connection between the opioid system
and atherosclerosis in the context of depression. The comorbidity of these conditions
is attributed to increased atherogenicity, insulin resistance (IR), and immune as well as
oxidative stress. Neural network and logistic regression models demonstrated that severe
depression in the presence of ATS/unstable angina was best predicted by interleukin-6
(IL-6), mu opioid receptor (MOR), zinc, B-endorphin, calcium, and magnesium, whereas
moderate depression was associated with IL-6, zinc, MOR, 3-endorphin, atherogenicity, IR,
and calcium [68]. However, it should be noted that there are studies indicating that nalme-
fene (an antagonist of mu- and delta-opioid receptors and a partial agonist of kappa-opioid
receptors) administration enhances the formation of macrophage-rich plaques in ApoE~/~
mice. Nalmefene also significantly increased oxLDL uptake by peritoneal macrophages
in vitro, and decreased the mRINA expression of mu, delta, and kappa opioid receptors in
macrophages [69].

Studies have also shown that administration of U50488H (a selective k-opioid agonist)
attenuated ischemia-induced arrhythmia in a rat model [70]. However, administration
of naltrexone, an opioid antagonist, to rats with stress-induced hypercholesterolemia
prevented these changes, suggesting that endogenous opioid systems play a role in the
treatment of hypercholesterolemia, which is one of the causes of atherosclerosis [71].

5. Limitations

The research results presented above suggest that the opioid system may play a role
in processes involved in the development of atherosclerosis and a potential role for the
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Hmmr gene in this disease. Further research involving usage of pharmacological agents or
transgenic models will be necessary to confirm the presented findings and define potential
molecular mechanism-describing changes which occur in the aorta during the development
and course of atherosclerosis.

6. Conclusions

Our study demonstrated that blocking opioid receptors through NLX administration
caused changes in the percentage of splenic T-cell subpopulations in both 8-week-old and 36-
week-old mice, and also affected collagen expression and the thickness of the collagen layer
in the aorta. Furthermore, NLX affected the vascular proteome in 36-week-old mice. These
findings therefore suggest the involvement of the opioid system in vascular remodelling
associated with the development of atherosclerosis. Moreover, the observed decrease in
Hmmr expression following NLX administration in both young and older mice may indicate
this gene’s involvement in early as well as in advanced stages of atherosclerosis.
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confirm the presence of atherosclerotic plaque.
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Supplementary materials

Table S1. List of antibodies used for flow cytometry

Specificity Fluorochrome Clone Name Supplier
CD3¢ PerCP 145-2C11 BioLegend
CD8a AF700 53-6.7 BioLegend
CD4 BV750 GK 4.5 BioLegend
CD69 PEC7 H1.2F3 BioLegend
CD44 AF647 M7 BioLegend

CD62L PE594 MEL-14 BioLegend
CD168 CoraLite488 Polyclonal antibody Proteintech

Caunc

cD62L

) Maive CD3 CM CDAT
-3
I DO w
=] s gl
o Mo
“n o ]
a8
vy [Erfector cos
10 " o w [ 4
(14 (L3 ® w
CD168 €D69 CDa4

Figure S1. Gating strategy of flow cytometry analysis
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Figure S3. Single control image of the aortic arch to confirm the presence of atherosclerotic plaque. A)
8-week-old NaCl; B) 36- week-old NaCl.
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Abstract

Background: The endogenous opioid system plays a pivotal role in numerous physiological
processes and is implicated in a range of diseases, including atherosclerosis, a condition
contributing to nearly 50% of deaths in Western societies. Objectives: This study investi-
gates the effects of opioid receptor blockade, using naloxone, on the plasma lipid profile
and atherosclerosis progression. Methods: ApoE~/~ mice with advanced atherosclerosis
were treated with naloxone for seven days, and the effects on atherosclerotic plaque devel-
opment and liver steatosis were evaluated. Results: A proteomic analysis of liver samples
post-treatment identified 38 proteins with altered abundance. The results revealed that
naloxone treatment led to an increase in HDL cholesterol, a lipid fraction associated with
protective cardiovascular effects. Furthermore, naloxone did not influence the progression
of atherosclerotic plaques or the development of liver steatosis. Conclusions: In conclusion,
while short-term naloxone treatment in mice with advanced atherosclerosis does not alter
overall atherosclerotic plaque progression or liver steatosis, the observed elevation in HDL
cholesterol and the extensive changes in liver protein abundance underscore the complex
and multifaceted role of the opioid system in lipid metabolism and cardiovascular health.
These findings provide a foundation for further exploration of opioid receptor antagonists
as modulators of lipid profiles and potential contributors to cardiovascular therapy.

Keywords: opioid receptors; cholesterol; atherosclerotic plaque; liver steatosis

1. Introduction

The endogenous opioid system (EOS) consists of endogenous opioid peptides (such
as endorphins, enkephalins, and dynorphins) that demonstrate high affinity to three main
types of target receptors: mu (u, MOR), delta (5, DOR), and kappa (k, KOR), respectively [1].
The main function of EOS is modulation of nociceptive signaling, including involvement
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in stress-induced analgesia [2,3]. However, for the past few decades, it has been known
that this system plays a role in the proper functioning of many bodily systems, as well as in
pathological processes [4-6]. Dysfunction in the opioid system may contribute to mood
disorders such as depression and anxiety [7]; for instance, reduced levels of endogenous
opioids have been observed in individuals with major depressive disorder [8]. Additionally,
opioid receptors are also present in the gastrointestinal tract, where endogenous opioids
regulate motility and secretion [9]. Therefore, dysregulation of this system can lead to
conditions such as irritable bowel syndrome [10]. Endogenous opioids are also involved
in the regulation of cardiovascular function, including heart rate and blood pressure [11].
An EOS malfunction in the cardiovascular system can contribute to the development of
hypertension and may lead to heart failure [12,13].

Studies also indicate that EOS influences the progression and instability of atheroscle-
rotic plaque [14,15]. It is worth mentioning that atherosclerosis is a disease that causes about
50% of all deaths in Western society [16]. Atherosclerosis is a complex disease influenced by
many factors and systems [17-19]. The primary causes of its development are considered
chronic inflammation and lipid metabolism disturbances [20]. Moreover, opioid receptors
are expressed on and influence the function of many cell types in the cardiovascular system,
including cardiomyocytes, endothelial cells, and smooth muscle cells, including excitation—
contraction coupling and the regulation of vascular tone. In addition to regulating cardiac
function through modulation of calcium metabolism, opioids also play an important role
in vascular function [21]. Opioid receptors can induce vasodilation and maintain vascular
tone, influencing blood pressure and blood flow. Opioid receptors on endothelial cells (ECs)
communicate with vascular smooth muscle cells (VSMCs) through paracrine signaling and
modulate angiogenesis, vascular tone, and vascular integrity [22].

The connection between the opioid system and atherosclerosis is also supported by
studies, which describe that the chronic infusion of B-endorphin, a ligand for the p opioid
receptor, into ApoE~/~ mice significantly enhances the development of atherosclerotic
lesions in the aorta, along with an increase in vascular inflammation [14]. Moreover,
long-term pretreatment with the opioid receptor antagonist, naloxone (NLX), followed
by lipopolysaccharide (LPS) treatment in young ApoE~/~ mice, can inhibit LPS-induced
macrophage activation by significantly reducing the tumor necrosis factor « (TNFo) level
in plasma, compared to mice treated with LPS and not receiving NLX [23]. Another crucial
aspect in the development of atherosclerosis is cholesterol. Previous studies indicated that
pretreatment with another opioid receptor antagonist, naltrexone, prevented stress-induced
increases in cholesterol levels in cholesterol-cholic acid (CCA)-fed female rats [24], which
suggested that EOS may play a role in the treatment of stress-induced hypercholesterolemia.
Moreovet, in patients with ischemic heart disease treated with & opioid receptor agonist,
levels of total cholesterol, triglycerides, and low-density lipoproteins (LDL) were reduced,
which suggested that the role of the opioid system may be strongly receptor-specific [25].
The opioid receptor axis significantly impacts liver function, as well, and is involved in
various cellular processes that affect liver cell survival, inflammation, and fibrosis [26].
One of the studies showed that blockade of opioid receptors with naltrexone reduced
liver fibrosis and hepatic stellate cell (HSC) activation, along with reduced plasma ALP
(Alkaline Phosphatase) and ALT (Alanine Transaminase) activity, but without significantly
affecting liver inflammation in BDL rats (rats with ligated bile ducts) [27]. However, another
study demonstrated significantly lower p opioid receptor gene expression in the livers
of patients with hepatitis C compared to control subjects. Administration of the p opioid
receptor agonist DAMGO resulted in a significant reduction in the necrotic area, along with
a marked decrease in serum ALT. NLX inhibition of the p opioid receptor in mice with
healthy livers and mice with CCl4-induced hepatitis did not alter plasma liver enzyme



Biomedicines 2025, 13, 1802

30f20

levels or liver histological assessments, but it increased liver cytolysis and histological
necrosis compared to control animals [28].

The examples presented above illustrate the extensive involvement of the EOS in
various physiological and pathological processes, including cardiovascular physiology and
pathology. In our research, we aimed to explore the therapeutic potential of modifying
the activity of the EOS in mice with developed atherosclerosis, especially focused on
investigating its influence on lipid metabolism and the development of atherosclerotic
plaque. Secondly, considering the significant potential role of the EOS in regulating lipid
levels, our research focused on examining the lipid profile and liver proteome, the site of
cholesterol synthesis and metabolism, to gain a better understanding of the mechanisms
influencing lipid regulation.

2. Materials and Methods
2.1. Animals

All the experiments were performed on 36-week-old, male B6.129P2-Apoet™1Unc /j
(strain no. 002052) mice on the C57BL/6] background (further referred to as ApoE~/7).
The animals were housed in groups of 4-5 individuals and maintained in the animal facility
of the Institute of Genetics and Animal Biotechnology of the Polish Academy of Sciences
under standard environmental conditions (ambient temperature of 22 4 2 °C 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
carried out in accordance with the ethical clearance (permission no. WAW2/093/2024)
received from the Il Local Ethics Committee for Experiments on Animals in Warsaw.

2.2. Drug and Experiment Design

The mice were assigned to a saline-treated (control, NaCl) or NLX-treated (experimen-
tal) group. Naloxone hydrochloride (NLX) was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and served as a non-selective opioid system antagonist. Individuals belonging
to the NLX-treated group were administered daily with freshly prepared NLX dissolved
in saline (0.9% NaCl) by intraperitoneal injections in a dose of 10 mg/kg for 7 days. The
control group received the saline solution.

2.3. Lipid Profile Analysis

Blood was collected directly from the hearts of anesthetized mice into heparin-coated
syringes. The blood samples were centrifuged at 3000x g at 4 °C for 10 min, then the
plasma was collected for lipid profile analysis, including levels of total cholesterol, LDL,
HDL, and triglycerides. The analyses were performed using a COBAS 6000 analyzer (Roche
Diagnostics, Mannheim, Germany).

2.4. Oil Red O (ORO) Staining

Gil red O (ORO) staining was performed on aortic arches and right lobes of liver
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 h at 4 °C and stained according to an adjusted protocol [17]. Briefly, fixated
aortic arches were opened and pinned onto black silicone cubes. After that, each specimen
was rinsed in distilled water, followed by a quick wash in 60% isopropanol solution.
Then, the aortic arches were stained in ORO working solution (0.625% ORO solution in
isopropanol mixed with distilled water in a ratio of 1.5:1) for 30 min at room temperature.
To remove excess stain, the specimens were washed with 60% isopropanol followed by
three dips in distilled water.
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The right lobe of the liver was collected and freshly frozen in —80 °C. Prior to section-
ing, the sample was transferred for 30 min to —20 °C to avoid tissue crumbling during
cutting. The tissue was sectioned into 6 um thick sections on a cryostat (Jung CM1800,
Leica, Diisseldorf, Germany) set to —20 °C. Before ORO staining, the sections were fixed in
10% formalin for 10 min at room temperature. The liver fragments were stained similarly
to the aortic arches, as described above.

The total ORO-stained lesion areas in the aortic arches and fat deposits in the right
lobe of the liver were quantified using Image] 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.

2.5. Trichrome Staining

The liver samples were fixed in formalin and dehydrated in an increasing series of
alcohols (70%, 80%, 96%, 99.8%), with two changes each for 30 min at room temperature,
followed by clearing in two changes of xylene (Warchem, Warsaw, Poland) for 15 min each.
After that, the tissues were transferred to a mixture of toluene/paraffin (1:1) and incubated
for 2h at 60 °C. In the final step, each liver lobe was placed in pure molten paraffin overnight
and embedded in paraffin blocks. The processed tissue was sectioned into 6 um thick slices
on a microtome (Hyrax M25, Zeiss, Oberkochen, Germany) and placed on microscopic
slides. Before staining, the specimens were deparaffinized in two changes of xylene and
hydrated in a decreasing series of alcohols. Further, trichrome staining was performed
with Trichrome Stain (Masson) Kit (Sigma-Aldrich, St. Louis, MO, USA) according to
the manufacturer’s protocol. The total stained areas of fibrosis lesions in the right lobes
of the livers were quantified using Image] 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 the positive-staining
areas relative to the total aortic area.

2.6. Macrophage Immunofluorescence Staining

We performed immunohistochemical staining using F4/80 Monoclonal Antibody
(BMB8) (Thermo Fisher Scientific, Waltham, MA, USA). The liver lobes were fixed in formalin
and dehydrated as described above. After that, the tissues were transferred to a mixture of
toluene/paraffin (1:1) and incubated for 2 h at 60 °C. In the final step, each liver lobe was
placed in pure molten paraffin overnight and embedded in paraffin blocks. The processed
tissue was sectioned into 6 pm thick slices on a microtome (Hyrax M25, Zeiss) and placed
on microscopic slides. Before staining, the specimens were deparaffinized in two changes
of xylene and hydrated in a decreasing series of alcohols. Heat-induced epitope retrieval
was performed at 90 °C using 10 mM Sodium Citrate buffer, pH 6.0, for 20 min. The
sections were blocked in 3% BSA. Primary antibodies 1:50 were incubated overnight at 4 °C.
The slides were washed in distilled water and mounted with VECTASHIELD Antifade
Mounting Medium with DAPI (Vector Laboratories, Inc., Newark, CA, USA). Appropriate
positive and negative controls were included with the study sections. The immunostaining
was quantified using Image] 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-stained areas relative to the
total liver area.

2.7. Measurement of mRNA Expression

RNA from the liver lobe was obtained using TRItidy G (PanReac AppliChem, Darm-
stadt, Germany) according to the manufacturer’s protocol. Total RNA was measured by
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription of
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RNA was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). The expression of Lpl, Srebfl, and Fabp4 at the mRNA
level in the liver was analyzed using TagMan probes (Thermo Fisher Scientific) and the
TagMan Real-Time PCR Master Mix (Thermo Fisher Scientific). Reactions were performed
on 96-well plates on the LightCycler 96 System (Roche Diagnostics, Germany) Real-Time
PCR according to standard protocol. Calculations were made using the LightCycler 96 Soft-
ware (v.1.1.0.1320). Data were normalized to Thp mRNA levels, and relative quantification
was calculated.

2.8. Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS) Analysis

Mouse livers (n = 7 biological replicates per group, in total 14 samples) were ho-
mogenized 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. The total protein concentration
in the lysates and the peptide contents in the digests were assayed using a tryptophan
fluorescence-based WF assay [29]. Seventy micrograms of protein were digested overnight
using the filter-aided sample preparation (FASP) method [30] with Trypsin/Lys-C mix
(Promega, Madison, WI, USA) (enzyme-to-protein ratio 1:35) as the digestion enzymes.
Next, the samples were purified with C18 Ultra-Micro Spin Columns (Harvard Apparatus,
Holliston, MA, USA). All the samples were dissolved in 0.1% formic acid at a concentration
of 0.5 ug/pL and spiked with the iRT peptides (Biognosys, Schlieren, Switzerland). One
microgram of peptide was injected into a nanoEaseTM M/Z Peptide BEH C18 75 um
i.d. x 25 cm column (Waters, Milford, MA, USA) via a nanoEaseTM M/Z Symmetry
C18 180 pm i.d. x 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
as follows: 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 a
custom 1000%. The DIA MS data were analyzed in Spectronaut 19 (Biognosys, Schlieren,
Switzerland) [31] software using the directDIATM approach. MS data were filtered by 1%
FDR 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 [32] using
unpaired t-tests with multiple testing correction after Storey [33]. A summary of the quality
control for the LC-MS/MS runs is shown in Supplementary Materials Figure S1. The mass
spectrometry data have been deposited in the ProteomeXchange Consortium via the PRIDE
partner repository [34] with the dataset identifier PXD063243.

2.9. Constructing Protein—Protein Interaction (PPI) Networks

Functional grouping and pathway analysis were performed using PINE (Protein
Interaction Network Extractor) software v 1.0.0 [35] with the STRING and GeneMANIA
databases using a score confidence of 0.4 and a ClueGO p value cutoff < 0.05.

2.10. Statistical Analysis

Data collected from serum analysis and histopathological evaluation were checked
for normality by the Shapiro-Wilk test. An ANOVA test was utilized to determine any
differences between groups, with statistical significance set to p-value < 0.05. The results
presented on graphs are expressed as means + SD.
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3. Results

3.1. Effect of the Opioid System Antagonism on the Lipid Profile in Mice with
Advanced Atherosclerosis

Naloxone (NLX) administration did not alter total cholesterol (NaCl 620.90 mg/dL
+ 73.36 mg/dL vs. NLX 703.70 mg/dL + 142.12) [(1, 18) = 2.68; p = 0.12], LDL (NaCl
413.10 mg/dL + 59.40 vs. NLX 434.10 mg/dL + 97.60) (F[(1, 18) = 0.34; p = 0.57]), or
triglyceride (NaCl 84.70 mg/dL =+ 39.77 vs. NLX 106.60 mg/dL =+ 36.30) (F[(1, 18) =1.65;
p = 0.21]) levels in the ApoE~/~ mice (Figure 1). However, the antagonism of the opi-
oid system resulted in elevation of HDL concentration after the NLX treatment (NaCl
66.85 mg/dL + 9.01 vs. NLX 97.30 mg/dL + 13.55) (F[(1, 18) =33.00; p < 0.001]) (Figure 1).
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Figure 1. Lipid profile in plasma: (a) total cholesterol, (b) HDL, (c) LDL, (d) triglyceride levels
in response to administration of NLX in ApoE~/~ mice (1 = 10 per group) **** p < 0.0001 (HDL:
high-density lipoprotein; LDL: low-density lipoprotein).
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3.2. Efffect of the Administration of NLX on Atherosclerotic Plaque and Liver Steatosis in Mice with
Advanced Atherosclerosis

After 7 days of NLX administration, we did not observe any significant changes
in either atherosclerotic plaque localized in aortic arches (NaCl 21.30% =+ 9.04 vs. NLX
26.21% =+ 9.22) (F[(1, 12) = 1.01; p = 0.33]) (Figure 2a) or liver steatosis (NaCl 2.46% + 3.51
vs. NLX 1.47% + 1.95) (F[(1, 10) = 0.36; p = 0.56]) in the ApoE~/~ mice (Figure 2b).
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Figure 2. Representative photographs of ORO staining of (a) aortic arch (n = 7 per group) and (b) liver
cross-section (microscopic photos performed at 20x magnification) (n = 6 per group). Quantified
stained area in control and treated groups for (c) atherosclerotic plaque and (d) liver steatosis.

3.3. Effect of the NLX Administration on the Expression of Chosen Genes Involved in
Lipid Metabolism

The NLX treatment in the ApoE~/~ mice led to a statistically significant decrease in
Fabp4 gene expression (NaCl 1.36 + 0.54 vs. NLX 0.80 + 0.25) as shown by significant
treatment factor, F[(1, 12) = 6.10; p = 0.03]. However, no changes were observed in the
expression of the Lpl (NaCl 1.09 £ 0.68 vs. 0.98 + 0.22) (F[(1, 12) = 0.74; p = 0.41]) and Srebfl
(NaCl1.02 + 0.33 vs. 1.26 £ 0.43)) (F[(1, 12) = 1.30; p = 0.28]) genes (Figure 3).
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Figure 3. Expression of Fabp4, Lpl, and Srebfl mRNA in livers of ApoE~/~ mice (n = 7 per group)
*
p <0.05,

3.4. Influence of NLX Administration on Liver Fibrosis

The NLX administration did not cause statistically significant changes in liver fibrosis
(NaCl0.33% = 0.20 vs. NLX 0.31% =+ 0.12) (F[(1, 10) = 0.04; p = 0.84]) (Figure 4).
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Figure 4. Representative photographs of Masson'’s trichrome staining of liver cross-sections in control
{a) and treated (b) groups (microscopic photos performed at 4x magnification) (n = 6 per group).
Quantified stained area in control and treated (c) groups for liver fibrosis.
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3.5. Effect of the NLX Administration on Macrophage Expression in Mice Liver

The NLX treatment caused a statistically significant increase in macrophage expres-
sion in comparison to the non-treated group (NaCl 0.04% =+ 0.03 vs. NLX 0.36% % 0.16)
(FI(1, 9) = 25.96; p < 0.001]) (Figure 5).
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Figure 5. Representative photographs of immunofluorescence staining, with F4/80 antigen as a major
macrophage marker, of liver cross-section in control (a) and treated (b) groups (microscopic photos
performed at 20x magnification). Quantified stained area in control and treated groups (c) (NaCl
n =6, NLX n = 5) ** p < 0.001.

3.6. Influence of NLX Administration on Proteomic Analysis of Livers

To comprehensively investigate the changes in protein abundance upon NLX ad-
ministration, a quantitative proteomics analysis was conducted. LC-MS/MS measure-
ments operated in DIA mode and analyzed in Spectronaut 19 software with the direct-
DIA approach resulted in the identification of 72,110 proteotypic peptides. In total,
6574 protein groups across all biological conditions were identified and quantified. The
median protein group, CV, was approximately 11%, which reflects good reproducibility
of data (Supplementary Materials Figure S1D). A summary of the quality control for the
LC-MS/MS runs is shown in Supplementary Materials Figure S1. The detailed list of
differentially abundant proteins and their fold changes across all the biological conditions
is presented in Supplementary Materials Table S1. Using cutoffs of q < 0.05 and fold
change > 2 or <—2, we found a total of 38 proteins altered in the liver of the NLX-treated
mice compared to the control group (Figure 6a—). This included proteins involved in
muscle function and structure (e.g., RB1CC1, PDLIM3), proteins related to cell migration
and proliferation (e.g., IFIT3), proteins associated with the inflammatory response and
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immune system (e.g., GBF, STEAP4, FGL1), proteins involved in cell death (e.g., ZBP1),
and proteins that bind heavy metals (e.g., MT1) (Supplementary Materials Table S1).
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Figure 6. (a) Volcano plot for treated and non-treated mice with top six most up- and downregulated
proteins shown; (b) proteomic data obtained from livers isolated from ApoE~/~ mice after NLX
administration compared to non-treated (z-score value; cut off; g value < 0.05, fold change > 2.0 or
<-2) (n =7 per group); (c) enriched functional network in NTX-treated mice compared to control, as
generated by PINE. Inhibited pathways are shown as blue central nodes along with red (upregulated)
or blue (downregulated) protein nodes.

4, Discussion

The endogenous opioid system (EOS) is widely reported in the literature as playing a
role in many diseases [24-27], but its direct involvement in the formation of atherosclerotic
plaque and its effect on cholesterol levels are poorly described. Our study demonstrates
the effect of blocking opioid receptors with naloxone (NLX) on cholesterol levels and
atherosclerotic plaque formation in ApoE~/~ mice with advanced atherosclerosis. After
7 days of NLX administration, we did not observe significant changes in the plasma
levels of total cholesterol, low-density lipoprotein (LDL), or triglycerides. Our results
are comparable to the results shown in other research, where the NLX treatment lasted
for 10 weeks [21]. However, we observed a statistically significant increase in the level
of high-density lipoprotein (HDL) in plasma after the NLX administration. Interestingly,
a cross-sectional study of 2239 opioid users found that opioid use was associated with
significantly lower levels of total cholesterol, LDL, and HDL [34,35].

Moreover, several reports indicate that an opioid receptor antagonist affects choles-
terol levels. It has been shown that a 5-day pretreatment with naltrexone prevented
stress-induced increases in cholesterol levels in female rats fed a cholesterol—holic acid
(CCA)-supplemented diet [24]. Moreover, in the same animal model, a 5-day release of
75 mg of morphine elevated total plasma cholesterol and LDL, reduced HDL, and increased
cholesterol deposition in the aorta. However, the daily administration of 1 mg/kg nal-
trexone completely reversed these effects on both cholesterol levels and aortic cholesterol
deposition [36].
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Due to the role of the liver in regulating lipid metabolism, it may be a key factor in the
processes related to the development of atherosclerosis. On the other hand, the progression
of atherosclerosis contributes to pathological liver changes, such as steatosis [37,38]. This is
supported by studies showing that patients with liver steatosis have significantly higher
levels of LDL and lower levels of HDL, compared to those without liver steatosis [39].
Impaired HDL function has been postulated to be an independent risk factor for atheroscle-
rosis in non-alcoholic fatty liver disease [40]. Furthermore, research indicates that liver
steatosis is more prevalent in patients with carotid plaques and aortic calcification than
in those with no vascular damage [41]. A study on children and adolescents revealed
an association between increased intima-media thickness of the carotid artery, a high
triglyceride/HDL-C ratio, elevated blood pressure, insulin resistance, and non-alcoholic
fatty liver disease [42]. Although we observed a significant increase in plasma HDL levels
following the NLX treatment, the functional relevance of this change remains to be deter-
mined. Recent studies emphasize that HDL cholesterol levels alone do not fully reflect their
atheroprotective functions, such as cholesterol efflux capacity (CEC), antioxidant properties,
or anti-inflammatory effects [43]. Therefore, it is possible that the HDL elevation observed
in our model may not necessarily confer a cardioprotective benefit. In fact, increased
levels of serum amyloid A (SAA)—which was downregulated in our study after naloxone
treatment—have been shown to affect cholesterol efflux by displacing apoA-I from HDL
particles, thereby impairing HDL function. This suggests that the observed decrease in
SAA protein abundance may contribute to improved HDL functionality, although this
hypothesis requires further experimental validation.

In our study, we also investigated the effects of opioid receptor blockade on atheroscle-
rotic plaque development and liver steatosis in mice. We observed neither significant
changes in the development of atherosclerotic plaques nor fat deposits in the liver after
the NLX treatment. However, one study showed a significant reduction in atherosclerotic
plaque after long-term, 10-week administration of NLX in 17-week-old mice. Moreover,
the study demonstrated that naloxone inhibits macrophage activation induced by LPS
(lipopolysaccharide) and oxidized LDL (oxLDL). Naloxone treatment reduced TNF-« pro-
duction and superoxide production in stimulated macrophages [21]. This may indicate that
prolonged administration of NLX at an early stage of atherosclerotic plaque development,
rather than during the advanced stages observed in our studies, may significantly reduce
plaque development and progression. Similarly, while we did not observe changes in
liver steatosis, other studies have shown that long-term administration of NLX can reverse
morphine-induced histopathological damage [44]. Interestingly, the administration of
another opioid receptor antagonist, naltrexone, for 28 days, in BDL rats (rats with ligated
bile ducts, used as a model of liver fibrosis) [45] significantly attenuates the development
of liver fibrosis [27]. NLX, as an opioid system antagonist, by definition, has no intrinsic
pharmacological activity apart from the ability to bind to opioid receptors and simply block
them. It reveals a significant effect in the form of antagonizing opioid agonists; therefore,
its effect, when applied in clinically therapeutic and safe doses, may not be visible without
agonist-mediated opioid receptor activation [46].

Although histological analysis did not reveal changes in hepatic steatosis after NLX
administration, we investigated the expression of genes associated with its development.
The first gene we examined was Srebfl. This gene encodes Sterol Regulatory Element-
Binding Transcription Factor 1 (SREBF1), which is a key factor in lipogenesis. Lipogenesis
is a metabolic pathway that converts excess carbohydrates to fatty acids, which are ulti-
mately esterified with glycerol-3-phosphate to triglycerides [47]. The important role of
Srebfl in lipogenesis is confirmed by studies indicating that the expression of this gene in
the livers of patients with non-alcoholic steatosis is significantly higher than in healthy
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individuals [48]. Moreover, the reduced expression of the Sreb-1c gene in hepatocytes by
activating 5’ AMP-activated protein kinase (AMPK) protected against hepatic steatosis and
hyperlipidemia in diet-induced insulin-resistant LDL receptor-deficient mice [49]. After
the NLX administration, we did not observe changes in SrebfI expression in the livers of
the ApoE~/~ mice. The next gene we investigated was Lpl. It encodes an enzyme crucial
for the hydrolysis of core triglycerides in chylomicrons and very low-density lipoproteins
(VLDL), resulting in the formation of chylomicron remnants and intermediate-density
lipoproteins (IDL), respectively. The reaction products catalyzed by LPL, fatty acids, and
monoacylglycerol are partially absorbed by local tissues and processed. For instance, they
are stored as neutral lipids in adipose tissue, oxidized or stored in skeletal and cardiac mus-
cle, or deposited as cholesterol esters and triglycerides in macrophages [50,51]. Research
indicates that patients with severe liver steatosis exhibit significantly higher serum LPL
activity compared to those with mild or moderate steatosis [52]. Moreover, morbidly obese
individuals show statistically increased hepatic LPL activity compared to controls, inde-
pendent of liver fibrosis or fatty liver presence [53]. However, in our study, after treatment
with NLX, we did not observe any changes in Lpl mRNA expression in the liver. We also
investigated the expression of the Fabp4 gene. It encodes a small, highly conserved cytosolic
protein that binds long-chain fatty acids and other hydrophobic ligands, regulating lipid
transport within the cell [54]. It is primarily found in adipose tissue but is also detected
in macrophages, endothelial cells, and cardiac myocytes [54,55]. Studies have shown that
the use of an Fabp4 inhibitor, at a dose of 50 mg/kg/day for 8 weeks, in combination with
rosiglitazone (a drug used in type II diabetes, which acts as an insulin sensitizer), resulted
in a reduction of rosiglitazone-induced hepatic steatosis in obese diabetic C57BL/Ks] db/db
mice [56]. In our study, after the NLX treatment, we did not observe changes in hepatic
steatosis in the histological examination; however, at the molecular level, we observed a sig-
nificant decrease in Fabp4 mRNA expression in the livers of the ApoE~/~ mice (fold change
0.8). FABP4 plays a crucial role in the transport, metabolism, and storage of lipids. Elevated
levels of FABP4 have been associated with liver steatosis, particularly in individuals with
metabolic conditions like diabetes and obesity [57]. Therefore, we believe that the changes
in Fabp4 mRNA expression we observed are indicators of the initiation of fat accumulation
in the liver, which was not yet visible at the histological level. Moreover, liver fibrosis, as
one of the indicators of liver steatosis, was not altered after naloxone administration.

In rats with dimethylnitrosamine-induced liver fibrosis, naloxone reduced collagen
deposition after five weeks of treatment [58]. Additionally, naltrexone significantly at-
tenuated the progression of liver fibrosis in bile duct-ligated rats [27]. However, in the
mentioned studies, naloxone was administered for a relatively longer period than in our
study. Another marker indicating liver steatosis is an increased level of macrophages in
the liver.

We evaluated the presence of macrophages in the livers of ApoE~/~ mice following
NLX administration. A 7-day NLX treatment increased the macrophage population com-
pared to the control group. It is known that macrophages increase their number in the
liver with steatosis. However, macrophages are highly heterogeneous cells with diverse
physiological and pathophysiological functions, exhibiting both pro-atherogenic (M1) and
protective (M2) effects [59,60]. We have not evaluated the subset of macrophages in the liver
after naloxone treatment, which is a limitation of the study. Experiments performed by Liu
et al. show that naloxone pretreatment significantly suppressed the production of tumor
necrosis factor-alpha (TNF-alpha), interleukin-6, monocyte chemoattractant protein-1, and
superoxide in macrophages after stimulation [23]. A similar effect was observed in murine
RAW?264.7 cells, showing an anti-inflammatory effect of naloxone on macrophages [61].
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In our study, the most significant effect of the NLX was observed on HDL levels. Since
the liver is an important site of cholesterol metabolism, we performed a proteomic analysis
of the liver in ApoE~/~ mice treated with naloxone. The analysis detected 6574 proteins, of
which 38 were significantly up- or downregulated. Then, we selected four proteins, whose
abundance levels were significantly altered after NLX administration and which influence
the lipid profile and are involved in the development of atherosclerosis. The first of them
is apolipoprotein B receptor (Q8VBT6) encoded by the Apobr gene, whose abundance
decreased after the NLX treatment. It is a receptor for apolipoprotein B (ApoB), which
plays a crucial role in the development of atherosclerosis [62]. Studies have also shown that
the use of an ApoB inhibitor causes a decrease in the level of total cholesterol and LDL in
mice [63] and the level of LDL in humans [64]. In our study, NLX treatment reduced the
abundance of apolipoprotein B receptor. The next protein downregulated by NLX that is
worth mentioning is serum amyloid A (SAA) (P05367), encoded by the Saa2 gene. SAAis a
small apolipoprotein that binds to HDLs. SAA is an acute-phase marker and inflammation
factor, with its levels significantly elevated in human serum during chronic inflamma-
tion [65,66]. Additionally, studies have shown that in patients with endotoxin-induced
inflammation, the ability of macrophages to efflux HDL correlates with increased levels of
SAA1 and SAA2. In mice, acute inflammation similarly leads to a marked impairment in
HDL efflux, accompanied by a substantial rise in SAA levels [67]. Another protein closely
associated with cholesterol levels, whose abundance was altered in our study by NLX, is
nicotinamide N-methyltransferase (055239) encoded by the Nnmt gene. The abundance of
this protein was significantly reduced after the NLX treatment [68,69]. Studies have also
demonstrated that inhibition of NNMT in obese mice decreased total cholesterol levels
in plasma [70], and knock-out of the Nnmt gene led to lower total cholesterol and LDL
levels in mice with non-alcoholic steatohepatitis [71]. Another protein which plays a role
in lipid metabolism and whose abundance was changed by NLX is major urinary protein
1 (P11588), encoded by the Mup1 gene. Following NLX administration, we observed an
increase in MUP1 protein abundance. MUP1 is a lipocalin family member abundantly
secreted into the circulation by the liver [72]. Except for its basic role, which is binding to
lipophilic pheromones to support chemical communication in rodents, MUP1 regulates glu-
cose and lipid metabolism. What is worth noting is that MUP1 inhibits lipogenesis. Hepatic
high-abundance of MUP1 suppressed the abundance of stearoyl-CoA desaturase-1 (SCD1),
fatty acid synthase (FAS), carbohydrate response element-binding protein (ChREBP), and
peroxisome proliferator-activated receptor-y (PPARY) in db/db mice [73].

5. Conclusions

In summary, the above results indicate a connection between the opioid system,
cholesterol levels, and the development of atherosclerosis. However, our 7-day NLX admin-
istration model in mice with advanced atherosclerosis appears insufficient to demonstrate
a direct effect of opioid receptor blockade on lipid profiles and atherosclerotic plaque
development. It would be beneficial to conduct further studies with an extended treatment
duration or in a model where atherosclerosis is just beginning to develop. It would also be
worthwhile to conduct a proteomic study of blood vessel samples and examine the effect of
local naloxone administration on the liver or the atherosclerotic vessel [74]. This would
provide more information about the direct role of naloxone on the studied organs.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/biomedicines13081802/s1, Figure S1: Quality control of MS
runs of the liver of control and naloxone-treated mice; Table S1: An overview of deregulated proteins,
their encoding genes, and functions. References [75-109] are cited in Supplementary Materials.
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Figure 1. Quality control of MS runs of the liver of control and naloxone-treated mice. Protein group identification
details across all LC-MS runs (A). Spectral library recovery (B). Coefficient of variations (CVs) for protein groups
across all biological conditions (C). Distribution of protein group CV in biological conditions (D)(n = 7 biological
replicates).
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Cardiovascular disease (CVD) is the leading cause of death worldwide. The most dangerous life-threatening symptoms of CVD are
myocardial infarction and stroke. The causes of CVD are not entirely clear, and new therapeutic targets are still being sought. One
of the factors involved in CVD development among vascular damage and oxidative stress is chronic inflammation. It is known that
hyaluronic acid plays an important role in inflammation and is regulated by numerous stimuli, including proinflammatory
cytokines. The main receptors for hyaluronic acid are CD44 and RHAMM. These receptors are membrane proteins that differ
in structure, but it seems that they can perform similar or synergistic functions in many diseases. Both RHAMM and CD44 are
involved in cell migration and wound healing. However, their close association with CVD is not fully understood. In this review,

we describe the role of both receptors in CVD.

1. Introduction

Cardiovascular disease (CVD) is a main cause of death glob-
ally, causing an estimated 17.9 million deaths annually. CVD
is a general term for a group of heart and blood vessel dis-
eases including coronary heart disease, cerebrovascular dis-
ease, and peripheral arterial disease. Late manifestations of
CVD are heart attack and stroke mainly caused by previous
vascular damage. Chronic inflammation is one of the causes
of vascular damage or narrowing [1]. CD44 plays an impor-
tant role in both inflammation and vascular injury [2].
Inflammation is associated with increased vascular perme-
ability, recruitment of inflammatory cells, and release of
inflammatory mediators. The cascade of inflammatory reac-
tions can alter blood flow in the altered tissues by inflamma-
tory cells infiltrating vascular tissues and releasing proteases,
cytokines, and reactive oxygen species, which trigger vaso-
constriction or relaxation [3], neointimal growth [4], and
angiogenesis and tissue remodeling [5, 6]. The main ligand
for the CD44 receptor is hyaluronic acid (FIA) which binds

also to RHAMM (hyaluronan-mediated motility receptor)
[7]. HA is regulated by numerous stimuli, including proin-
flammatory cytokines [8]. Thus, the local production of cyto-
kines within inflammatory lesions in the vessels increases the
expression of HA on endothelial cells facilitating CD44-HA
interactions and hence causing extravasation of inflamma-
tory cells [9]. The role of CD44 in cardiovascular disease is
well described; however, the role of another RHAMM recep-
tor in CVDs is little known. This review discusses the role of
both receptors in CVDs and their connections.

2. CD44 and RHAMM: Structure and Expression

CD44 is a widely expressed cellular adhesion molecule that
serves as the major receptor for components of the extracel-
lular matrix (ECM) [10]. Apart from HA, CD44 binds other
carbohydrate ligands, such as heparan sulfate [11}, as well as
noncarbohydrate ligands: collagen and osteopontin [12].
CD44 occurs as a series of isoforms with molecular weights
ranging from 85 to over 200kDa [13]. The most commonly



expressed CD44 receptor is the 85-90kDa glycoprotein
which represents the standard CD44 molecule which does
not contain products with spliced exon variants {14]. CD44
is structurally and functionally polymorphic. Its gene con-
sists of at least 20 exons, of which 12 can be alternatively
spliced. The heterogeneity of the protein is mainly due to
the variable splicing of 10 exons encoding the extracellular
region located between the invariant HA-binding domain
at the NH2 terminus and the membrane proximal extracellu-
lar domain [15]. The most common isoform of CD44, called
standard form (CD44s), does not contain any exon variants.
It consists of a large extracellular domain of 248 amino acids,
a 21-amino acid segment encompassing the membrane, and
a relatively short cytoplasmic part of 72 amino acids [16].
The CD44 gene contains 20 exons, of which exons 1-5, 15-
17, and 19 encode the CD44 isoform, while exons 6.6a and
7-14 (also designated as vl-v10) are alternatively spliced to
generate variant isoforms with insertion into the membrane
proximal region of the extracellular domain between amino
acids 202 and 203. The amino terminal region is relatively
conserved in mammalian species (about 85% homology)
and contains a hyaluronan-binding domain, while the mem-
brane proximal region is relatively unconservative (about 35-
45% sequence similarity between species) and has several
sites for glycosylation and chondroitin sulfate attachment
[17, 18]. The transmembrane domain ensures a way to inter-
act with cofactors and adapter proteins and to direct the
influx of lymphocytes [19]. The intracellular domain of
CD44 has short- and long-tail configurations and performs
nuclear localization functions for the regulation of transcrip-
tion [20].CD44 is expressed in a variety of cell types
(Figures 1(a) and 1(b)), including lymphocytes, macro-
phages, erythrocytes, fibroblasts, neurons, epithelial cells,
and endothelial cells [18]. CD44 supports the adhesion of
leukocytes to endothelial cells [10], induces the secretion of
chemokines from macrophages, and regulates the prolifera-
tion and migration of vascular smooth muscle cells [21].

In contrast to CD44, the main hyaluronan receptor,
RHAMM, is less well studied and mainly is involved in cell
locomotion. It was firstly described by Turley et al. [22, 23]
and soon was linked to ras transformation and tumor pro-
gression [24]. The HMMR gene encodes an 85kDa pro-
tein—RHAMM—with an extensive helix structure and a
basic globular domain at the amino terminus [25]. It has
approximately 35% protein sequence homology to KIF15, a
member of the kinesin family [26]. RHAMM does not con-
tain a signal peptide for export via the Golgi apparatus and
the endoplasmic reticulum [7]. RHAMM is a member of
the hyaladherin protein family, has two hyaluronan-
binding domains, and interacts with it through 9-11-amino
acid basic motifs [27]. The extracellular part of RHAMM
activates signaling cascades that control the expression of cell
cycle genes and genes related to cell motility [28, 29]. The
intracellular domain of RHAMM is required for the forma-
tion of the mitotic spindle and may play a role in the direc-
tion of cell motility [30}. The HMMR gene is located on the
human chromosome 5¢33.2 and contains 18 exons [31].
RHAMM, also described as CD168, does not have a trans-
membrane domain but is anchored by the glycosylphospha-
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tidylinositol (GPI) group in the plasma membrane where it
can interact with CD44 and participate in many cell func-
tions, including cell motility, wound healing, and modifica-
tion of the Ras signaling cascade. Interestingly, RHAMM
does not contain a signal peptide and is believed to be trans-
ported to the cell surface by unconventional transport mech-
anisms where it binds to the cell surface by docking to HA
synthase [32] and, like CD44, transmits signals affecting cell
mobility [27]. It has been shown that RMAMM interacts
with hyaluronan in an ionic manner via a 35-amino acid
basic C-terminal region, which can be further subdivided
into two motifs of 10 and 11 amino acids, respectively [33].
RHAMM is present on the cell surface, in the cytoplasm,
and in the nucleus of different types of cells [25] and regulates
cell movement and proliferation [24, 25]. RHAMM under
physiological conditions is poorly expressed on various cell
types (Figures 1(a) and 1(b)) such as lymphocytes, smooth
muscle cells, macrophages, and fibroblasts; however, its
expression rises in pathological conditions [34, 35].
Although CD44 and RHAMM have different primary
amino acid sequences and although CD44 is conservatively
expressed in cells and RHAMM is tightly regulated, both
receptors possess transforming properties that may be related
to their ability to promote motility [34, 36]. Research indi-
cates that during inflammation, wound healing, and tumor
formation, cell migration is mediated by CD44 and may
require RHAMM surface expression [36]. This means that
these receptors may act synergistically in some diseases.

3. Atherosclerosis and Vascular Inflammation

Atherosclerosis is an inflammatory disease of the walls of
large and medium arteries. Its etiology is not fully under-
stood, but there are several factors influencing its develop-
ment. Chronic inflammation and increased levels of low-
density lipoprotein (LDL) in the blood play a major role in
the development of atherosclerosis. Abnormal blood flow in
the vessels can cause increased wall tension and promote
the production of proteoglycans by arterial smooth muscle
cells (SMCs), which can bind and retain lipoprotein mole-
cules, facilitating their oxidative modification, thereby pro-
moting an inflammatory response at lesion sites [38].
Vascular endothelial cells become activated by proinflamma-
tory stimuli and begin to express selective adhesion mole-
cules on the surface, which recruit monocytes and T
lymphocytes and which are likely to be involved in the
recruitment of blood-borne cells for atherosclerotic lesions
[39, 40].

Atherosclerosis at the developed stage is characterized by
the formation of atherosclerotic plaque containing macro-
phages, dendritic cells (DC), foam cells, lymphocytes, and
other inflammatory cells. In advanced age, atherosclerotic
plaque calcifications appear [41]. Not only the vascular wall
is affected but also the adventitia and adipose tissue attached
to the vessel express some degree of inflammation which may
precede vascular dysfunction [42, 43]. Dendritic cells and
lymphocytes are found in the adventitia and perivascular adi-
pose tissue of normal arteries, but their number is signifi-
cantly increased in the atherosclerotic arteries [43]. Under
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F1GURE 1: Protein (a) and mRNA (b) expression of CD44. Prepared on the basis of data from the Human Protein Atlas [37]. Protein
expression reported with the units: not detected, low, medium, and high. mRNA expression reported as normalized expression (NX)
combined from three transcriptomics datasets (HPA, GTEx, and FANTOMS). Created with BioRender.com.

internal atherosclerotic lesions, leukocytes organize them-
selves into clusters resembling tertiary lymphoid tissue [44].
These features of atherosclerotic plaques illustrate that ath-
erosclerosis is a complex disease in which many elements of
the vascular, metabolic, and immune systems take part. Ath-
erosclerotic changes result from inflammatory triggers, sub-
sequent release of various cytokines, proliferation of
smooth muscle cells, synthesis of the connective tissue
matrix, and accumulation of macrophages and lipids [39,
45, 46]. In those processes, CD44 and RHAMM may play
an important role (Figure 2).

Numerous studies suggest that the CD44 cell adhesion mol-
ecule may promote atherosclerosis by mediating the recruit-
ment of inflammatory cells into platelets and activation of
vascular cells [47, 48]. In the atherosclerosis model of apoE"'
mice, vascular expression of CD44 was highest in areas prone
to damage [48, 49]. This was confirmed in human studies where
CD44 was present in areas of human atherosclerotic plaques,
rich in macrophages, and susceptible to rupture, compared to
healthy vascular tissues [50, 51]. Elevated expression of CD44
correlated with a 10-fold increase in the secretion of proinflam-
matory cytokines such as interleukin-1p (IL-18) and IL-6 by
endothelial cells and macrophages. These cytokines in turn
increased CD44 expression [50, 51]. Such a positive feedback
loop may exacerbate arteriosclerosis, leading to plaque instabil-
ity. The elimination of CD44 in mice with the apoE knockout

led to a significant reduction in aortic lesions and a reduction
in the number of macrophages present in the lesions by 90%
[48]. Moreover, gene expression profiling in the aorta of
CD44 knockout mice compared to a wild type led to the discov-
ery that CD44 regulates focal adhesion formation, extracellular
matrix deposition, and angiogenesis, critical processes for ath-
erosclerosis [49]. To investigate the mechanism by which
CD44 controls atherosclerosis, bone marrow chimeras were
generated using bone marrow transplant from a wild type
(WT) and CD44-null donor to apoE” and apoE™ CD44™".
The expression of CD44 in both the vascular and bone marrow
cells contributed to the development of changes in the apoE™
model. It means that CD44, on both the resident and recruited
cells, is essential for its full proatherogenic effect in vivo [47].
Moreover, the CD44 deletion also favored an increase in fibrotic
lesions in apoE”" CD44"" mice compared to apoE™ mice,
which indicates that CD44 also regulates the lesion composition
and influences the stability of atherosclerotic plaques [47].

So far, RHAMM has not been directly associated with
atherosclerosis, but it is known that it plays a vital role in
inflammation, an important factor in the pathogenesis of
atherosclerosis [36]. It has been shown that RHAMM inter-
acts with growth factor receptors such as PDGFR [52],
TGE-p receptor I [53], or bFGFR [54]. Growth factors regu-
late the function of ERK signaling and are responsible for the
regulation of cell proliferation and differentiation [52]. In
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F1GURE 2: Diagram describing the role of RHAMM and CD44 receptors in the cardiovascular system. Created with BioRender.com.

addition, ERK signaling has been shown to play a role in
altering cholesterol homeostasis in human macrophages
[55]. By interacting, RHAMM takes part in the mobility nec-
essary for the inflammation by activating ERK1/2/MAPK.
Nuclear RHAMM is also associated with the ERK1/2/MAP
kinase, which mediates the activation of PAI-1 and MMP-
9, which are involved in cell mobility and inflammation
[56]. RHAMM also participates in HA-dependent regulation.
HA is produced during tissue damage, causing activation of
inflammatory cells to induce innate immune response and
regulation of the behavior of epithelial cells and fibroblasts
[57-59]. Additional confirmation of the importance of
RHAMM is the fact that the use of a 15-mer peptide with
homology to RHAMM-binding sequences has been shown
to block HA signaling and reduce inflammation and fibro-
genesis [60].

Macrophages in atherosclerotic plaque formation play a
fundamental role [61]. Macrophages colonizing the athero-
sclerotic plaque have a reduced migration capacity, which
leads to the maintenance of inflammation and further pro-
gression into the atherosclerotic plaque [62]. Moreover, they
participate in the intake and accumulation of lipoproteins.
Cholesterol uptake by macrophages leads to their transfor-
matjon to foam cells in the vascular wall. At this stage of ath-
erosclerosis, fatty streaks are observed in the vasculature. The
RHAMM receptor is expressed on macrophages. In a rat
model of acute lung damage, the expression of RHAMM

and HA is increased in macrophages responding to intratra-
cheal injury [63, 64]. Moreover, Hmmr”" transgenic mice
have been shown to exhibit reduced macrophage chemotaxis
[65]. Another element essential in the development of ath-
erosclerotic lesions includes vascular smooth muscle cells
(VSMCs). VSMCs, under the influence of vascular damage,
are able to change the quiescent “contractile” phenotype into
a “proinflammatory” phenotype. Activated VSMCs can effec-
tively multiply and migrate, helping to repair vascular walls.
However, in the chronic inflammation that occurs in athero-
sclerosis, VSMCs are misregulated, leading to extracellular
matrix formation in the plaque areas [66]. Research has
shown that RHAMM can be an important element in these
processes. In vitro studies have shown that HA mediates
VSMC migration through CD44 and RHAMM receptors as
well as VSMC proliferation but only through the CD44
receptor [2, 67, 68]. On the basis of the culture of bovine vas-
cular smooth muscle cells, an increase in RHAMM expres-
sion was observed after scratch wound assay. It was
concluded that vascular damage leads to an increase in
RHAMM expression and is localized in the VSMC at the
edge of the lesion [68].

4. Ischemic Heart Disease

Ischemic heart disease is one of the most common causes of
death in developed countries. After myocardial infarction
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(MI), billions of cardiomyocytes undergo apoptosis, pyropto-
sis, and necrosis, resulting in a noncontractile collagen scar
that reduces heart function [69]. The mammalian heart’s
ability to replace lost cardiomyocytes is limited, while adult
zebrafish (Danio rerio) can successfully regenerate the heart
following apical ventricular amputation throughout its life-
time [70, 71]. A key factor in the regeneration process in zeb-
rafish is the ability of preexisting cardiomyocytes to
proliferate after organ damage [72-74].

After analyzing the proteomic changes following ventric-
ular apex resection in adult zebrafish, increased expression of
the RHAMM was identified. It was also investigated that after
zebrafish ventricular resection, the area of scar tissue was sig-
nificantly larger in the RHAMM knockdown fish, suggesting
that the RHAMM knockdown blocked heart regeneration.
The importance of hyaluronic acid in the regeneration of
the heart was also determined. It was found that after inhibi-
tion of HA synthesis, after ventricular resection in zebrafish,
significant scar tissue was still present compared to minimal
or no scar tissue in controls [75)].

Studies on the role of CD44 in regeneration after MI have
shown a correlation between inflammatory mediators and
CD44 in regulating the inflaimmatory response, repairing
the heart, and differentiating the heart fibroblasts after MI
[76]. Studies in CD44-deficient mice that underwent myo-
cardial infarction showed prolonged inflammation, reduced
collagen deposition in scars, decreased myofibroblast infiltra-
tion, and decreased TGF-f signaling [77]. Following acute
ML, IL-6 has been shown to enhance CD44 and HA synthase
(HAS-1 and HAS-2) expression in cardiac fibroblasts,
resulted in a matrix rich in HA. As a result, proinflammatory
cytokines and the expression of smooth muscle a-actin were
induced through CD44-HA interactions. This interaction,
together with circulating IL-6, changed the nature of the
ECM, modulated the differentiation of cardiac fibroblasts,
and promoted the immune responses [78].

5. Vascular Remodeling

Restrictive remodeling assumes that SMCs reorganize the
ECM, while the factors causing constrained remodeling com-
pared to external remodeling remain poorly defined [79].
The contraction of the vessel wall is similar to that of a cuta-
neous wound. SMCs repopulate the sites of vascular damage
and cause the production and remodeling of the ECM, which
changes the geometry of the vessel wall. It is known that
matrix remodeling depends in part on direct adhesion inter-
actions of ECM cells. In in vitro studies on SMCs, HA consis-
tently increased the adhesion of SMCs to collagen-precoated
plates and blocking or removing RHAMM weakened SMC
adhesion to collagen with or without exogenous HA [80].
That suggests that the endogenous production of HA is suffi-
cient to activate RHAMM. RHAMM activation by HA signif-
icantly influences the adhesive interactions between SMC
and ECM and contributes to remodeling of the wall and nar-
rowing of the lumen after carotid artery ligation [80].
RHAMM-blocking strategies at sites of vascular injury may
be potentially useful in the prevention of clinical restenosis.

The role that CD44 plays in remodeling, for example,
after angioplasty, is unclear. Available data published on that
topic does not clearly indicate whether CD44 may be a
remodeling factor or may play a protective role by inhibiting
neointimal formation [81, 82]. However, studies have shown
that the deficiency of the CD44 gene significantly enhanced
neointimal hyperplasia, which suggests that the CD44 gene
is involved in the process of pathological remodeling and
may play a protective role. The remodeling response to injury
involves circulating cells that arise from the bone marrow as
well as cells from the local artery wall. Compared with dam-
aged femoral arteries in CD44*"* mice, CD44 ™" mice showed
significantly greater femoral vascular remodeling, In remo-
deled femoral arteries from CD44”" mice, no significant
changes were observed in CD44 expression when compared
to intact arteries. After the use of low-mass weight (LMW)
heparin, the damaged arteries showed a significant reduction
in neointimal thickness and a significant increase in CD44
expression. This suggests that CD44 may be the route by
which LMW heparin diminishes the remodeling process
[83].

6. Angiogenesis

Angiogenesis is the formation of new blood vessels from
existing vessels (Figure 2). It can occur in a pathological form
in the context of circulatory diseases or cancer and in a phys-
iological form in the case of tissue ischemia, wound healing,
etc. [84]. To investigate the involvement of CD44 in blood
vessel formation, in vivo angiogenesis was studied in CD44-
deficient mice [85]. Initial studies were performed in a model
in which vessels develop around and within subcutaneously
implanted Matrigel plugs containing B16 murine melanoma
tumor cells as a source of angiogenic growth factors. Vascu-
larization of the plugs was observed in wild-type animals,
but not in CD44 knockout mice, confirming the involvement
of CD44 in the pathological formation of blood vessels [86].
In addition, in a mouse oral carcinogenesis model, after
implantation of Matrigel plugs with suspended cancer cells
into the dorsal chamber of the skin fold, CD44* mice
showed a higher microvascular density than CD44”" [87]. It
has also been shown that inhibition of CD44 reduces the
adhesion of endothelial cells (EC) to HA immobilized on
the plastic surface [54]. This means that an increase in
CD44 expression may allow the adhesion of the EC to the
components of the ECM, which is one of the processes
enabling the formation of new blood vessels [1]. Whether
CD44 plays a role in physiological angiogenesis has also been
investigated. Wound closure in animals with the CD44
knockout was shown to be delayed within 1 to 3 days after
wounding, relative to wild-type animals. Vascular density at
the edge of the wounds on day 3 was reduced by around
20% in CD44” animals compared to wild-type mice. This
means that the lack of CD44 results in an early delay in skin
wound closure, which is associated with reduced neovascu-
larization of the injured tissue. The above results thus con-
firmed that CD44 may be involved in physiological
angiogenesis [86]. The differentiation and organization of
EC in blood vessels is a critical step in angiogenesis [88]. To



investigate the role of RHAMM receptors in blood vessel for-
mation, the effect of anti-RHAMM antibodies on EC func-
tion and in vivo angiogenesis was determined. Using the
endothelial tube formation model on Matrigel, anti-
RHAMM antibodies were found to inhibit tube formation
by human endothelial cells. It was also investigated that the
use of an anti-RHAMM antibody in a mouse model of angio-
genesis significantly reduced the vascularization of the plugs
[54].

7. Idiopathic Pulmonary Arterial Hypertension

Idiopathic pulmonary arterial hypertension (IPAH) is a dis-
order characterized by persistent elevated pulmonary arterial
pressure with unknown causes [89]. The primary mechanism
of IPAH is pulmonary vascular remodeling involving pre-
and intra-acinar arteries, such as stenotic lesions and com-
plex lesions characterized by plexiform lesions (Figure 2)
[90]. The plexiform injury has been studied in relation to idi-
opathic pulmonary arterial hypertension as a marker of the
severity or rapid progression of pulmonary hypertension
[91], but it also contributed to the pathogenesis of the disease.
Studies have shown that CD44 was frequently expressed in
plexiform lung lesions in IPAH patients and was mainly
located in endothelial cells that make up the microvascula-
ture of the lesions and surrounding T lymphocytes. However,
CD44 was not found in any of the vascular cells of normal
pulmonary arteries. This suggests that CD44 is involved in
the pathogenesis of idiopathic pulmonary arterial hyperten-
sion [92]. The role of RHAMM in pulmonary hypertension
is not fully understood. However, studies have shown that
loss of PPARy (peroxisome proliferator-activated receptor
) is associated with pulmonary hypertension [93]. It has
been shown that PPARy expression is significantly reduced
in plexiform lesions in humans with PH. Reduced PPARy
expression was also demonstrated in vascular lesions in a
rat model of severe pulmonary hypertension [94]. It has also
been investigated that by pharmacological inhibition of
PPARy, RHAMM was upregulated in pulmonary arterial
endothelial cells in a sheep model of pulmonary hyperten-
sion. The increased expression of RHAMM was also con-
firmed in human pulmonary microvascular endothelial cells
(HMVEC) with PPARy depletion. These results suggest that
HMMR plays a large role in hypertension but it would be
worthwhile to conduct more research in this area [95].

8. Conclusions

CD44 and RHAMM mediate different cardiovascular effects
in normal and pathological conditions. Herein, we discussed
the role of these receptors not only in cardiovascular diseases
such as atherosclerosis, pulmonary hypertension, and ische-
mic heart disease but also in cardiovascular processes such
as vascular inflammation, vascular remodeling, and angio-
genesis. Expression of RHAMM in contrast to CD44 is rela-
tively low in vascular cells and blood. However, RHAMM
expression rises in pathological conditions. Expression of
CD44 was found to be upregulated in areas prone to athero-
sclerosis. The important role of RHAMM in atherosclerosis
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development is its role in the motility of the immune cells.
The gained ability of migration mediated by RHAMM allows
cells to the inflammatory response. This process is important
also in other conditions where vascular remodeling is pres-
ent. In conditions after myocardial infarction, CD44 and
RHAMM help in wound healing by reorganization of the
extracellular matrix and collagen deposition. Inhibition or
lack of RHAMM or CD44 blocks angiogenesis in both the
physiological and pathological conditions. Summarizing the
role of both described receptors is similar apart from its dif-
ferent role in vascular remodeling. However, the RHAMM
receptor is significantly less studied in cardiovascular
diseases.
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