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1. Introduction 

1.1. Overview 

Presently, cardiovascular diseases (CVD) put an enormous burden on the healthcare 

system and remain the most common cause of death. Amongst the risk factors of CVDs, 

we find dietary and lifestyle choices. However, aging and the disruption of physiological 

regulatory processes also play a key part in the development of CVDs. One of the major 

endocrine mediators of vascular functions is angiotensin II (AngII), the vasoactive 

effector peptide hormone of the renin-angiotensin-aldosterone system (RAAS). 

Physiologically, AngII is responsible for vasoconstriction of resistance arteries through 

its type 1- AngII receptor (AT1R) on the surface of vascular smooth muscle cells 

(VSMC). Problems arise when RAAS is hyperactive. Exaggerated AngII effects lead to 

hypertrophy, remodeling, and inflammation in the vessel wall. These adverse effects are 

important steps in the pathogenesis of atherosclerosis - a complex inflammatory 

pathology of the vasculature - and result from the multifaceted signaling through the AT1 

receptor. AT1R activity leads to diverse cell responses, including the transactivation of 

growth receptors and changes in gene expression. 

In order to mechanistically understand the long-term effects of AngII and AT1R 

signaling in the vasculature, it is crucial to explore the gene expression changes caused 

by the hormone stimulus. The subject of this thesis, thus, is the study of the signaling 

pathway originating from the AT1R that promotes the upregulation of an oxysterol-

producing enzyme, the expression of which was not described in the VSMCs previously. 

To provide background information on the subject of my thesis, the introduction covers 

AngII-induced signaling and its involvement in CVD development, as well as the 

characteristics of the oxysterols, their function, and their effects on vascular pathology.  

1.2. The renin-angiotensin-aldosterone system  

The renin-angiotensin-aldosterone system (RAAS) is an important endocrine system 

coordinating fundamental physiological processes. The RAAS regulates extracellular 

fluid volume and arterial blood pressure thus influencing cardiovascular and renal 

functions. Stimuli activating RAAS include decreased arterial blood pressure and sodium-

chloride level, as well as sympathetic nervous system activity [1]. The system consists of 

enzymes and hormones that enact their respective effects at different organ sites. Upon 

RAAS activation, initially, renin is synthesized and secreted by the juxtaglomerular cells 
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in the kidney. The product of the renin gene is an inactive peptide, the preprorenin. 

Proteolytic cleavage of preprorenin and the subsequently generated prorenin leads to the 

formation of the enzymatically active renin [2]. Renin released from the cells cleaves 

angiotensinogen in the bloodstream to produce angiotensin I (AngI). AngI is further lysed 

by angiotensin converting enzyme (ACE) - located on the surface of endothelial cells in 

the lung capillaries - into angiotensin II (AngII), the octapeptide effector hormone of the 

RAAS. AngII promotes both vasoconstriction, which elevates blood pressure, and 

aldosterone synthesis in the adrenal gland cortex, resulting in increased Na1+ reabsorption 

in the proximal tubules. Thus, it is responsible for the major RAAS effects (Figure 1) [1].  

 

Figure 1. Mechanisms and functions of renin-angiotensin-aldosterone system (RAAS). 

The image represents the function of renin, angiotensin converting enzyme (ACE), and 

angiotensin II (AngII) in the RAAS. Renin is produced in the kidneys, and it catalyzes 

the cleavage of angiotensinogen into angiotensin I. The ACE will then convert 

Angiotensin I into AngII in the lungs. Turquoise arrows indicate the enzymatic actions 

leading to AngII production, whereas red arrows show the endocrine effects of AngII. 

(Own figure based on the first paragraph of chapter 1.2.) 

In addition to the systemic RAAS with its endocrine effects, there is evidence of 

locally working RAAS in various tissues. In the heart, vascular tissue, kidney, and the 

brain components of RAAS are expressed or taken up from the plasma, allowing the 

locally synthesized AngII to affect the functions of these organs independently from the 
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circulating angiotensins [3]. The cardiac RAAS is activated during heart failure, where 

renin is either sourced from the plasma or is expressed by cardiac cells, in which case it 

is not secreted, rather, it remains intracellularly and enacts a cardioprotective role [4–6]. 

The RAAS in the heart affects cell communication via the intracellular effects of its 

components [6]. The intrarenal RAAS regulates the excretory functions. In the kidney, 

AngII distribution varies between the cortex and medulla. The locally generated AngII 

constricts glomerular arterioles, influencing renal medullary blood flow and eventually 

the renal hemodynamics. Moreover, AngII directly promotes tubular reabsorption of 

sodium [7]. Besides the above mentioned major organs, adipose tissue can also express 

angiotensinogen, renin, and ACE. It was found that obesity contributes to elevated AngII 

production in the adipose tissue [3]. Literature data highlights the functional roles of local 

RAAS components, especially under pathological conditions of the affected organ.  

1.3. AngII-induced signaling in vascular smooth muscle cells 

1.3.1. Gq/11-protein related signaling 

The vascular smooth muscle cell (VSMC) is a prominent effector cell of the AngII. 

VSMCs are an essential component of vessel walls, and their physiology is intertwined 

with the sufficient functions of vessels. The classical effect of AngII on the vasculature 

is vasoconstriction. AngII activates the AT1R, a G-protein coupled 7 transmembrane 

receptor found on the surface of VSMCs. The agonist-receptor interaction activates Gq/11, 

which leads to the production of diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3) by the enzyme phospholipase C (PLC). DAG promotes protein kinase C (PKC) 

activation, while IP3 binds the IP3 receptor, thus causing the release of calcium ions from 

the sarcoplasmic reticulum (SR). The elevated intracellular (IC) calcium level results in 

VSMC contraction, consequently vasoconstriction (Figure 2) [8]. PKC can also 

contribute to a continued smooth muscle contraction by phosphorylating a myosin light 

chain phosphatase inhibitor, the protein phosphatase 1 regulatory subunit 14 (CPI-17) and 

actin-binding proteins - calponin, calmodulin - thus increasing actin-myosin interaction 

[9]. A sustained agonist stimulus results in AT1R desensitization, in which process PKC 

plays a role by phosphorylating serine residues at the C-terminus of the receptor [10–12]. 

G-protein receptor kinases function similarly, by phosphorylation of the C-terminus, they 

enable desensitization. The phosphorylation signal on AT1R recruits ꞵ-arrestin proteins 

that promote receptor internalization. 
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Following the receptor internalization, multiple events may occur. Receptors may be 

recycled to the membrane, degraded or a new signaling event may be initiated by ꞵ-

arrestins. ꞵ-arrestins can act as adaptor proteins. In this way, they play a role in mitogen-

activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3-K) activation. As it 

stands, activated AT1R induces both G-protein and ꞵ-arrestin functions. This 

phenomenon opens up opportunities during drug development. Biased, functional 

selective, AT1R agonists have been developed, these biased ligands - e.g. TRV027; 

TRV023; SII-AngII - are able to trigger either G-protein or ꞵ-arrestin dependent signaling 

[13,14]. 

 

Figure 2. Effects of AngII-induced AT1R signaling through Gq/11 in smooth muscle cell 

function. Blue arrows represent promoting actions between the actors in the signaling 

pathway, whereas orange arrows indicate the resulting cellular response. (Own figure, 

based on chapter 1.3.1.) 

1.3.2. Growth factor receptor transactivation and the activation of mitogen-

activated protein kinase pathway 

However, the effects of AngII reach beyond the conventional Gq/11-mediated events 

due to the aforementioned complexities of AT1R signaling. AT1R activation triggers 

multifaceted cellular responses thanks to its ability to transactivate other major signaling 

pathways, most notably growth factor receptor-related pathways [8]. Studies focusing on 

AT1R related receptor transactivation date back to the 1990s. It was shown that AngII 

promotes the activation and phosphorylation of the insulin-like growth factor-1 receptor 

(IGF-1R), whose phosphorylation is dependent on c-Src activation [15,16]. It was 

recognized decades ago that AngII activates various MAPKs, too, through epidermal 
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growth factor (EGF) receptor (EGFR) transactivation. EGFR transactivation is achieved 

by the AngII-induced calcium signal as well as via a metalloprotease-dependent 

mechanism [17–19]. In the latter case, AngII stimulus leads to the cleavage of heparin-

binding EGF-like growth factor (HB-EGF) by a disintegrin and metalloprotease 17 

(ADAM17) protein [20]. HB-EGF then acts as a ligand for EGFR, and subsequently, p38 

MAPK and extracellular signal-regulated kinase (ERK) are activated in VSMCs [19]. It 

has been known for decades that AngII activates nicotinamide adenine dinucleotide 

phosphate (NAD(P)H) oxidase, thus induces reactive oxygen species (ROS) generation 

in VSMCs, partially due to phosphatidic acid accumulation during the hormonal stimulus 

[21]. Interestingly, it was found that EGFR transactivation, following AngII stimulus, 

plays a role in NAD(P)H oxidase activity. In this way, EGFR mediates multiple cellular 

responses promoted by AngII [22]. ROS generation enables AngII to activate other 

growth-related signaling events. AngII activates p38 MAPK in a redox-sensitive manner 

on account of its H2O2 production-promoting effect in VSMCs [23]. The platelet-derived 

growth factor β receptor (PDGFβ-R) is also phosphorylated upon AngII stimulus in 

VSMCs [24]. The AngII-induced activation of PDGFβ-R relies on Shc adaptor protein 

phosphorylation and ROS but is entirely independent of AT1R-generated calcium signal 

[25]. By virtue of its ability to activate these growth-promoting signaling pathways AngII 

contributes to mitogenic processes and hypertrophy (Figure 3) [23].  

1.3.3. AngII-induced gene expression changes 

Not surprisingly, the crosstalk between AT1R and growth receptors results in gene 

expression changes. Oftentimes, these changes lead to proliferative and phenotypic 

consequences. Notably, AngII induces the expression of c-fos, c-jun, and c-myc, which 

demonstrates its role in VSMC growth and hypertrophy [26–28]. Additionally, AngII can 

stimulate the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) 

pathway, which is involved in inflammatory responses. The phosphorylation of STAT1 

and STAT2 indicates that AngII contributes to the activation of cytokine-related pathways 

[29]. It was found that AngII-induced proliferation of VSMCs relies on the activity of 

STAT3 and ERK1 [30]. STAT proteins are also mediators of VSMC phenotype. For 

example STAT1 transcription factor promotes VSMC dedifferentiation, a prominent 

process in vascular remodeling [31]. Vascular remodeling is further characterized by the 

increased migratory capacity of VSMCs and an inflammatory state of the tissue, which is 
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associated with a marked up immune cell infiltration. AngII is responsible for such gene 

expression changes that enable these processes. VSMC migration is regulated by several 

proteins, including an atypical cadherin called FAT atypical cadherin 1 (FAT1). It was 

shown that AngII upregulates both FAT1 and a NA(P)DH oxidase (Nox) enzyme, the 

Nox1 expression in VSMCs. Bruder-Nascimento et al. in their study highlighted the 

significance of AngII-induced ROS generation through the Nox1 enzyme and subsequent 

ERK activation in the upregulation of FAT1. They observed that VSMC migration was 

inhibited by an antioxidant agent, AT1R antagonist, or FAT1 knockdown. As evidenced 

by their results, VSMC migration in response to AngII stimulus requires the FAT1 

protein, the expression of which is AT1R-, and ROS-dependent [32]. AngII is also known 

to promote macrophage infiltration in the vessel wall, largely by its ability to upregulate 

chemokine expression, such as monocyte chemoattractant protein-1 (MCP-1) [33]. A 

recent study by Dan Qi et al. provided insight into this AngII-mediated phenomenon. 

They found that AngII upregulates the expression of hypoxia-inducible factor 1α (HIF1α) 

in VSMCs both in vivo and in vitro. The HIF1α deficiency in VSMCs leads to decreased 

AngII-induced cytokine and chemokine production, which ultimately reduces 

macrophage infiltration and vascular remodeling [34]. AngII not only regulates gene 

expression on its own, but it can also influence expression changes exerted by other 

factors. Initially, it was observed that AngII inhibits the interleukin-1β (IL-1β)-induced 

inducible NO synthase (iNOS) expression in VSMCs. This effect of AngII was attributed 

to the transient ERK phosphorylation detected when both AngII and IL-1β stimuli were 

utilized compared to the sustained ERK activation when only IL-1β stimulus was applied. 

The role of p38 MAPK activation by AngII was noted in this modified ERK signal [35]. 

Later, it was found that AngII upregulated the MAPK phosphatase-1 (MKP-1) - a 

negative regulator of MAPK action - in a p38 MAPK-dependent manner. This negative 

feedback contributes to the transient ERK activation seen during AngII stimulus [36]. 

Interestingly, this is not the only evidence of AngII-induced upregulation of MAPK 

regulators. AngII induces the gene expression of several dual-specificity MAPK 

phosphatases (DUSPs) in VSMCs, according to a recent report by our group [37]. 

Apparently, AngII modulates MAPK activity through the gene expression modulation of 

phosphatases and thus achieves tuning of MAPK-mediated cellular responses.  

DOI:10.14753/SE.2025.3145

https://www.zotero.org/google-docs/?4m1IEq
https://www.zotero.org/google-docs/?60QJRv
https://www.zotero.org/google-docs/?Ky2lgK
https://www.zotero.org/google-docs/?JjLP9C
https://www.zotero.org/google-docs/?KsmIRV
https://www.zotero.org/google-docs/?kUYvrk


13 

 

These findings clearly establish the gene expression-modulating role of AngII, which 

is achieved by its ability to trigger and transactivate several unrelated signaling pathways. 

Moreover, these AngII-induced gene expression changes prompt cellular responses, 

which largely influence vascular pathology thus their importance cannot be overstated. 

However, the understanding of AngII-induced gene expression changes and how these 

genes contribute to VSMC physiology and pathophysiology is still incomplete. 

1.3.4. AngII-induced ROS generation 

Similarly to other cell types, VSMC NAD(P)H oxidase consists of several subunits, 

the p22phox, p47phox, and catalytic subunits such as Nox1 or Nox4. For NAD(P)H 

oxidase activation small G proteins like Rac are needed [22]. AngII-induced ROS 

generation in VSMCs is the consequence of multiple pathways. ROS production can be 

the result of phospholipase D (PLD) activation upon AngII stimulus. PLD activation was 

shown to be associated with superoxide (O2
-) production in VSMCs [38]. Additionally, 

the PLD enzyme produces phosphatidic acid (PA), a known activator of NAD(P)H 

oxidases. PA accumulation in VSMCs leads to a sustained activity of NAD(P)H oxidases 

and thus a long-term ROS production that lasts up to 6 hours [21]. ROS generation 

induced by AngII is a two-phase process. Initially, a rapid but moderate ROS generation 

- peaking at 30 seconds - occurs, which depends on PKC activity (Figure 3). 

Approximately 30 minutes into the AngII stimulus, ROS production in VSMCs steadily 

increases and then lasts for 4-6 hours. The redox burst of the first phase enables c-Src 

activation and subsequent EGFR activation. EGFR then activates PI3-K and the PI3-K 

product phosphatidylinositol-3,4,5-triphosphate (PIP3) enhances Rac-guanine nucleotide 

exchange factor (GEF) resulting in elevated Rac activity that contributes to a sustained 

ROS production by NAD(P)H oxidase [21,22]. The role of c-Src in AngII-induced ROS 

generation is considered to be multifaceted. There is evidence that c-Src phosphorylates 

the p47phox subunit of NAD(P)H oxidase. This phosphorylation event is needed for the 

membrane translocation of p47phox, complex formation, and enzyme activation [39]. 

AngII induces both superoxide (O2
- ) and hydrogen peroxide (H2O2) but there is a 

distinction between the enzymes that produce these two ROS forms. Nox4 is responsible 

for the basal H2O2 formation in VSMCs and Nox4 depletion does not affect AngII-

induced O2
- production. In contrast, Nox1 enzyme produces O2

-. Interestingly, in the 

absence of Nox1 AngII cannot induce either O2
- or H2O2 but basal H2O2 levels are not 
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affected, which suggests that O2
- produced by Nox1 - at least in part - is dismutated into 

H2O2 during AngII stimulus  [40]. 

 

 

 

 

 

 

 

 

 

Figure 3. Scheme of growth pathway activation and ROS production induced by AngII. 

Black arrows represent promoting actions between the actors of the various signaling 

pathways whereas orange arrows indicate the resulting cellular responses. The red scissor 

signifies cleavage by ADAM17 enzyme. (Own figure based on chapters 1.3.2. and 1.3.4.) 

1.4. AngII and cardiovascular pathologies   

As alluded to previously, AngII is involved in a number of cardiovascular 

pathologies. This in part is due to its growth-promoting tendencies. The increased 

proliferation and growth lead to hyperplasia and hypertrophy respectively, which 

translates to thickening and vascular remodeling at the tissue level. These structural 

changes increase vessel stiffness, contributing to atherosclerosis and hypertension 

[41,42]. ROS production caused by AngII is a prominent player in hypertrophy 

[21,43,44]. Unsurprisingly, c-Src is also involved in AngII-induced VSMC hypertrophy 

and proliferation since this kinase participates both in the IGF-1R and NAD(P)H oxidase 

activation [16,22,39]. Cardiomyocytes are also affected by AngII-induced hypertrophy as 

a consequence of EGFR transactivation upon AngII stimulus [45]. 

Atherosclerosis is a complex inflammatory pathology of the vasculature, 

accompanied by endothelial injury and local lipid accumulation. Endothelial dysfunction 

enables the infiltration of low density lipoprotein (LDL) and immune cells. Lipid 

accumulation is a prominent step in atheromatous plaque formation. The macrophages 

take up LDL and other lipids, which in turn promotes the transformation of macrophages 

into foam cells. Cytokines, growth factors, and ROS production in the plaque lead to 

VSMC dedifferentiation and migration, eventually a fibrous cap is formed consisting of 
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migrated VSMCs and extracellular matrix (ECM) components. However, ROS promotes 

matrix metalloproteinases (MMP) release. As a result, MMPs can break down the ECM 

proteins in the fibrous cap. This process decreases plaque stability and leads to lesion 

rupture, which may cause arterial thrombosis [46,47].  

The molecular mechanism of atherosclerotic plaque formation is affected by AngII. 

Endothelial dysfunction caused by ROS can be traced back to AngII-induced actions. 

Furthermore, AngII upregulates vascular cell adhesion molecule 1 (VCAM-1) and 

intercellular adhesion molecule 1 (ICAM-1) expression in endothelial cells, the monocyte 

chemoattractant protein-1 (MCP-1) is also upregulated by the hormone. These processes 

result in a pronounced monocyte infiltration into the vessel tissue [33,47]. Inflammation 

is further promoted by the AngII-induced upregulation of interleukin-6 (IL-6), tumor 

necrosis factor alpha (TNF-a), and nuclear factor kappa-B (NF-κB). AngII enables 

vascular remodeling, not only by promoting VSMC proliferation and migration but also 

by stimulating collagen synthesis thus inducing fibrosis [47–50]. The effect of these 

pathological changes is the development of hypertension, a condition that has an adverse 

effect on heart function since it promotes left ventricular hypertrophy and heart failure 

[51,52].    

1.5. Introduction to an oxysterol: the generation and functions of 25-

hydroxycholesterol 

The widely studied 25-hydroxycholesterol (25-HC) is an oxysterol. Oxysterols are 

the oxidation derivatives of cholesterol. Their production is either the result of enzymatic 

or non-enzymatic reactions, where the enzymatic oxidation mainly occurs on the 

cholesterol side chain [53,54]. In some cases, the oxysterol may be formed by either 

reaction. For example, 25-HC may also be generated by free radical attack of cholesterol. 

However, this reaction has little importance in vivo, the endogenously produced 25-HC 

primarily originates from the action of cholesterol-25-hydroxylase (CH25H) enzyme 

(Figure 4) [55]. Oxysterols are a vast group of lipid molecules that are considered both 

metabolites - since they are intermediates in steroid hormone and bile acid synthesis - and 

bioactive lipids. Oxysterols meet the criteria of metabolites, as they are structurally 

similar to cholesterol, produced intracellularly, processed by enzymes, they act as 

substrates in subsequent reactions, and do not accumulate in the cells. At the same time 

the majority of oxysterols are bioactive and exert regulatory functions in the cholesterol 
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and lipid metabolism. Furthermore, they have specific targets, bind receptors, and thus 

impact cellular functions, but most importantly oxysterol level altercation influences 

pathology [56].  

Oxysterols target both the cholesterol biosynthesis pathway and cholesterol efflux. 

25-HC was first recognized as a regulator of sterol synthesis, as it inhibits 3-hydroxy-3-

methylglutaryl Coenzyme A (HMG-CoA) reductase. In this way, 25-HC interferes with 

the rate-limiting step of cholesterol synthesis [57]. 25-HC further inhibits cholesterol 

synthesis through the sterol regulatory element binding protein (SREBP), a transcription 

factor necessary for the expression of enzymes in the cholesterol synthesis. It was shown 

that 25-HC suppresses SREBP cleavage by binding to insulin induced gene protein (Insig) 

thus, 25-HC promotes the interaction between Insig and SREBP cleavage activating 

protein (Scap), which prevents SREBP activation [58,59]. Oxysterols also act as ligands 

for liver X receptors (LXR). LXR activation leads to the expression of ATP-binding 

cassette transporters (ABC) involved in cholesterol efflux [56,60].  

Oxysterols target specific receptors. They bind retinoic acid receptor-related orphan 

receptors (ROR), which are activators of transcription [56]. 25-HC is a ligand for estrogen 

receptor-α (ERα) and is able to activate the receptor in cancer cells and cardiomyocytes 

[61]. The Epstein-Barr virus-induced gene receptor 2 (EBI2) is activated by 7α,25-

Dihydroxycholesterol (7α,25-OHC), a metabolite of 25-HC. EBI2 activates the migration 

of B cells and dendritic cells, this is one of the sites where 25-HC can mediate immune 

functions [55,56,62,63]. 25-HC also binds integrins α5β1 and αvβ3 in macrophages, as a 

result, focal adhesion kinase (FAK) is phosphorylated and activated [64]. 

25-HC is a potent lipid in immunological processes, it mediates not only innate 

immune responses but also acts as an antiviral agent during virus infections. The 

expression of CH25H is prominent in macrophages and dendritic cells. Ch25h is an 

interferon-stimulated gene. It is upregulated in immune cells in response to 

lipopolysaccharides (LPS) stimuli, Toll-like receptor (TLR) activation, and LXR 

activation by 25-HC [65–67]. The subsequent 25-HC production observed in 

macrophages leads to the inhibition of IgA class switching in B cells thus 25-HC regulates 

interactions between the innate and adaptive immune system [68]. 25-HC induces 

interleukin-8 (IL-8), IL-6, and TNF expression in macrophages, promoting 

proinflammatory responses [64,69,70]. 
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25-HC possesses strong antiviral effects due to the inhibition of viral entry which was 

demonstrated in the case of multiple viruses: vesicular stomatitis virus (VSV), human 

immunodeficiency virus (HIV), Nipah virus (NiV), Ebola virus (EBOV), and Zika virus 

(ZIKV) severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), SARS-CoV, 

and Middle East respiratory syndrome coronavirus (MERS-CoV) [71–73]. It seems that 

the inhibition of viral entry is a result of cholesterol depletion in the plasma membrane 

exerted by 25-HC [73]. 

Studies investigating macrophages provide ample data on the gene expression 

regulation of Ch25h. Over the years, numerous signaling pathways and transcription 

factors have been implicated in Ch25h expression. TLR-mediated upregulation of Ch25h 

seems to be dependent on p38 MAPK, c-Jun N-terminal kinase (JNK) activity, and the 

transcription factor NF-κB [68]. Additionally, Ch25h upregulation has been linked to the 

activity of STAT1, activating transcription factor-2 (ATF2) and Krüppel-like factor 4 

(KLF4) transcription factors [60,74,75]. 

 

Figure 4. Structure and generation of 25-HC. The CH25H enzyme catalyzes the 

placement of a hydroxyl group (OH) onto the twenty fifth position of the cholesterol 

sidechain, creating an oxidized form of the molecule, the 25-HC. (Own figure) 

1.6. Oxysterols in vascular pathology 

Oxysterols play a significant role in vascular aging and atherosclerosis pathogenesis. 

Atherogenesis is characterized by the dysfunction of endothelial cells, inflammation, 

disrupted ECM structure, VSMC dedifferentiation, and apoptosis. Oxysterols are heavily 

involved in the process at every step of the way [76,77]. 

By the 1990s it was already known that cholesterol oxidation products are present in 

the aortic tissue, as evidenced by a study conducted on hypercholesterolemic rabbits [78]. 

Commonly found oxysterols in atherosclerotic regions include 25-HC, 27-HC, 7-

ketocholesterol (7-K), and 7β-HC [76]. As for the source of oxysterols in the vessel wall, 
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oxidized LDL (oxLDL) must be highlighted - LDL accumulated in the vascular tissue 

undergoes oxidation - as well as immune cells that produce 25-HC through enzymatic 

process [77,79]. Similarly to AngII, oxysterols contribute to endothelial dysfunction via 

oxidative stress and altered adhesion molecule expression. Notably, 25-HC promotes 

VCAM-1 expression in human aortic endothelial cells (HAECs) [80]. This leads to an 

increased endothelial permeability, which favors monocyte infiltration. Additionally, 

oxysterols reduce nitrogen monoxide (NO) production of endothelial cells, which impairs 

sufficient vasodilatation capabilities [77].  

Oxysterols promote the recruitment of immune cells by upregulating important 

chemokins such as IL-8 or MCP-1 [69,70,81]. It should be noted that in this respect too, 

the effects of oxysterols are very similar to those of AngII. Once monocytes infiltrate the 

vascular tissue, they differentiate into macrophages and contribute to the onset of 

inflammation. Moreover, oxysterols such as 25-HC promote proinflammatory gene 

expression in macrophages [64,79]. Macrophages take up the accumulated lipids and 

oxLDLs in the vascular tissue and then undergo transformation into foam cells. This 

inflammatory state enables the continuation of a downward spiral toward advanced 

atherosclerotic plaque formation [77].  

The ECM possesses a pronounced importance in vascular pathology. During 

atherogenesis, excessive collagen deposition facilitates vascular stiffness and the 

progression of fibrosis. Transforming growth factor β (TGF-β) is one of the key cytokines 

that drive profibrotic events. TGF-β activates fibroblasts, upregulates type I collagen 

expression and hinders MMP action by stimulating tissue inhibitor of metalloproteinase 

(TIMPs) production [82]. Oxysterols were shown to upregulate TGF-β expression in 

macrophages [83]. In this way, oxysterols add to the formation of the fibrous cap, which 

consists of ECM proteins and VSMCs, a structure that surrounds the lipid core of the 

plaque. However, oxysterol actions during the pathogenesis of atherosclerosis vary as the 

lesion progresses. It is suspected that the amount of accumulated oxysterols in the plaque 

influences their effects on the atherosclerotic process. Oxysterol accumulation over time 

is enhanced thus their effects are increasingly deleterious [77]. The oxysterols 27-HC and 

7⍺-HC upregulate MMP-9 expression in macrophages in a ROS-dependent manner. This 

finding suggests that oxysterols also endanger plaque stability, as MMPs degrade ECM, 
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weakening the fibrous cap and thus enhancing the risk of plaque rupture and thrombus 

formation [84].  

However, MMPs are also significant at earlier stages of plaque progression and their 

activity actually helps fibrous cap formation initially. MMP-2 fosters VSMC migration 

by breaking down type IV collagen and laminin, which allows VSMC detachment from 

ECM. Additionally, growth factors are released during ECM degradation [85]. The 7-K 

and cholesterol-5α,6α-epoxide (α-epoxide) oxysterols promote VSMC migration due to 

the upregulation of MMP-2 and MMP-9 and the activation of the EGFR/PI3-K/Akt 

pathway.  Not only that, but 7-K and α-epoxide also promoted VSMC proliferation at low 

concentrations (2.5 μM). It is important to note that the same oxysterols exert cytotoxic 

effects and decrease cell viability at high concentrations (25 μM - 50 μM) [86]. These 

data support the idea that differing oxysterol quantities influence atherogenesis in distinct 

ways. Ultimately, VSMCs proliferate, undergo phenotypic change, and migrate from 

tunica media to tunica intima, contributing to fibrous cap formation [77]. 

As mentioned, the stability of the atherosclerotic plaque depends on the structure of 

the fibrous cap. Besides MMPs apoptosis of VSMCs also destabilizes the plaque. 

Oxysterols, particularly at high concentrations, promote apoptosis of VSMC. As early as 

1988 Cox et al. reported that 25-HC promoted cell death of rabbit thoracic aorta VSMC 

culture [87]. In later years the underlying mechanisms were being investigated. It was 

found that 25-HC and 7-K downregulated Bcl-2 - an antiapoptotic protein - expression in 

rabbit aortic VSMCs [88]. Another hallmark of 25-HC-induced VSMC apoptosis is the 

activation of caspase-3 protein, the cleavage of which was reported by a couple of studies 

[89,90]. 25-HC influences another Bcl-2 family protein, it activates the proapoptotic Bax 

protein, which is a major player in the mitochondrial pathway of apoptosis [90,91]. 25-

HC contributes to soluble adenylyl cyclase activation thus the increasing cyclic adenosine 

monophosphate (cAMP) causes protein kinase A (PKA) activation. PKA phosphorylates 

Bax hence promoting its translocalisation to the mitochondria. The resulting ROS release 

and caspase activity leads to apoptosis in VSMCs [90]. It is worth mentioning that studies 

investigating the apoptotic effects of 25-HC employ high concentrations of oxysterol (~ 

40-50 µM) and an incubation period of 24 hours. This supports the notion that the 

cytotoxic effects of oxysterols are prevalent when they are present in excessive amounts 

over a prolonged period [90–92].  
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Another prominent event of atherosclerotic plaque progression is calcification. 

VSMCs are especially prone to calcifying, resulting in the extreme stiffness of the vessel 

wall. Oxysterols, such as 25-HC, were shown to exert calcifying effects [93]. Cholestane-

3β, 5α, 6β-triol (triol) causes calcification of rat VSMC culture in vitro in a dose-

dependent manner and ROS was implicated as a mediator of the process [94]. 7-K-

induced VSMC calcification is also dose-dependent. Furthermore, the enhanced calcium 

deposition is accompanied by the upregulation of bone-related genes, such as runt-related 

transcription factor 2 (Runx2) and osteopontin, which signifies the osteoblastic transition 

of VSMCs [95]. 25-HC was also reported to induce Runx2 upregulation in VSMCs. The 

calcification-inducing effect of 25-HC was attributed to inflammation and subsequent 

endoplasmic reticulum (ER) stress promoted by the oxysterol [96]. 

25-HC and other oxysterols have been shown to contribute to atherogenesis. 

However, their actual role in this pathogenesis remains controversial. There has been 

some evidence in the past that suggests an atheroprotective role of oxysterols. The 

clearance of subcutaneously implanted cholesterol tablets without oxysterols versus the 

clearance of cholesterol tablets containing oxysterols was studied in rats. The study found 

that oxysterol containing tablets exhibited enhanced clearance, suggesting the promotion 

of cholesterol solubilizing by oxysterols [97]. Later, accumulating evidence showed that 

oxysterols, which are ligands of LXR, are able to promote cholesterol efflux from 

macrophages. The functions of LXR are also linked to anti-inflammatory responses. 

Arguably, oxysterols display both proatherogenic and antiatherogenic capabilities and 

individual oxysterols affect vascular pathology in distinct ways [98]. In recent years, a 

study reported that  ApoE–/–/Ch25h–/– mice showed an increased lesion area in the thoracic 

aorta compared to ApoE–/–/Ch25h+/+, indicating an atheroprotective function of 25-HC 

[60]. Still, numerous studies report that 25-HC plays a significant role in vascular 

pathology and atherosclerotic plaque vulnerability on account of either paracrine 

signaling or cytotoxic effects [76,77,79,99]. Furthermore, a study investigating acute 

myocardial infarction biomarkers found CH25H to be a promising marker, as its 

expression is upregulated in patients compared to healthy subjects [100]. This highlights 

the importance of 25-HC and its functions in cardiovascular pathology. 25-HC-related 

actions have largely been the subject of studies investigating immune cell function in 

immunological and in atherosclerotic context. As for the source of 25-HC in the vessel 
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wall, its production by macrophages and the oxLDL have been highlighted. However, 

considering the major effects of 25-HC on the VSMCs, the similarities between 25-HC 

and AngII actions (Figure 5), the fact that some AngII-induced effects were found to be 

mediated via 25-HC [101] it is compelling to explore the possibility of 25-HC production 

in VSMCs and underlying connections to AngII. 

 

Figure 5: Summary of the atherogenic processes that are promoted by both AngII and 

25-HC. The image represents a vessel wall with the scheme of atherogenesis in the lower 

right region. The numbered list includes atherogenic events - and some of their causes - 

that are promoted by both AngII (blue arrow) and 25-HC (brown arrow). Numbers in the 

image indicate the depiction of the given, listed atherogenic event. Abbreviations: 

VCAM-1: vascular cell adhesion molecule 1; MCP-1: monocyte chemoattractant protein 

1; VSMC: vascular smooth muscle cell. (Own figure based on chapters 1.4. and 1.6.) 
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2. Objectives 

This study aimed to characterize AngII-induced Ch25h expression in primary rat 

VSMCs isolated from the thoracic aorta. The objectives can be divided into two groups: 

2.1. Investigation of AngII-induced Ch25h expression in VSMCs and underlying 

signaling pathways: 

→Determination of the Ch25h messenger ribonucleic acid (mRNA) level changes 

in response to AngII stimulus and assessment of the time kinetics of the gene 

expression change. 

→Defining the role of AT1R-related Gq/11 or β-arrestin signaling. 

→Investigating and comparing the role of MAP kinase proteins in Ch25h and 

Dusp gene expression. 

→Investigating the phosphorylation status of p38 MAPK and STAT1. 

→Investigating the role of Nox activity. 

2.2. Examination of CH25H activity in VSMCs: 

→Verifying the subcellular localization of the CH25H enzyme. 

→Assessing 25-HC levels in the supernatant of AngII-stimulated VSMC cultures. 
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3. Methods 

3.1. Animals and isolation of primary rat VSMCs 

The primary rat VSMCs used in our experiments originated from male Wistar rats 

(Charles River Laboratories-Semmelweis University, Budapest). Our laboratory follows 

the guidelines established by the Guide for the Care and Use of Laboratory Animals (NIH, 

8th edition, 2011) and national legal and institutional guidelines for animal care. This 

study was approved by the Animal Care Committee of Semmelweis University, Budapest, 

and by Hungarian authorities (No. 001/2139–4/2012). All procedures followed legal and 

institutional guidelines for animal care. 

VSMCs were isolated from male Wistar rats (170–250 g) aged 40-50 days. The 

animals were kept on a standard semisynthetic diet. VSMCs were isolated from the 

thoracic aorta according to the explant method described in an earlier study [102]. 

Following excision, the thoracic aorta was kept in modified Krebs-Ringer solution (120 

mM NaCl (Duchefa Biochemie); 4.7 mM KCl (Duchefa Biochemie); 1.8 mM CaCl2 

(Duchefa Biochemie); 0.7mM MgSO4 (Fluka); 10 mM glucose (Serva); and 10 mM Na-

HEPES (Serva)) while branching arteries and tunica adventitia were removed. The 

prepared thoracic aorta was then sliced into 1 mm sized rings and incubated in collagenase 

(Collagenase type I., Worthington) for 25 minutes at 37 °C. These prepared aorta-rings 

were placed onto 10 cm cell culture plates (Greiner) in Dulbecco’s modified Eagle media 

(DMEM High Glucose W/ L-Glutamine W/Sodium Pyruvate; Biosera) supplemented 

with 10% fetal bovine serum (FBS; Biosera), 1% penicillin–streptomycin (Sigma-

Aldrich), and 1% GlutaMAX (Gibco). In order to promote VSMC growth, the aorta-rings 

were incubated at 5% CO2 and 37 °C.  The medium was replaced with fresh, 

supplemented DMEM the day after isolation of the thoracic aorta. Three days after the 

isolation, VSMCs were observable around the aorta-rings. At that point the aorta tissue 

was removed from the plates. Once VSMC cultures reached full confluence, they were 

passaged. For our experiments, VSMCs were used in the second and third passages. 

3.2. Immunocytochemistry 

Smooth muscle alpha-actin was immunostained to assess the homogeneity of primary 

VSMC cultures. During the immunolabeling procedure, the cells were kept on ice. 

VSMCs were washed with cold phosphate-buffered saline (PBS) between each step (137 
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mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4 (Sigma-Aldrich); 1.8 mM KH2PO4 (Fluka) in 

distilled water set to a pH value of 7.4). VSMCs were then fixed with 4% 

paraformaldehyde (PFA; Polysciences) for 15 minutes. For cell permeabilization, we 

used a 0.1% Triton X-100 (Sigma-Aldrich) solution for 5 minutes. VSMCs were then 

incubated in 0.1% sodium–borohydride (Sigma-Aldrich) solution for 15 minutes. The 

blocking step took place for 30 minutes, using a 1% bovine serum albumin (BSA; Sigma-

Aldrich) solution. To label anti-smooth muscle alpha-actin, we used a monoclonal mouse 

primary antibody (A2547; Sigma-Aldrich) solution at a dilution of 1:500, the incubation 

lasted for 1 hour. VSMCs were then incubated in Alexa Fluor 488-conjugated anti-Mouse 

immunoglobulin G (IgG) secondary antibody (A-21200; Invitrogen) solution at a dilution 

of 1:300 for 30 minutes. Cell nuclei were labeled with TO-PRO3 nucleic acid stain 

(Thermo Fisher Scientific). Figure 6 shows representative images of our VSMC cultures 

where the smooth muscle alpha-actin (green) signal is consistent, and cell nuclei appear 

in blue.  

 

Figure 6. Smooth muscle alpha-actin signal in primary rat VSMC cultures. Smooth 

muscle alpha-actin (green) was immunolabeled in representative primary rat VSMC 

cultures. Cell nuclei (blue) are labeled with TO-PRO3 nucleic acid stain. Fixed cells were 

imaged using a Zeiss LSM 710 confocal microscope. Scale bars in white represent 50 

µm. Source: Kovács KB et al. [103]  

3.3. Stimulation of VSMCs 

Prior to the experiments, we serum starved the primary VSMC cultures overnight, 

using serum-free DMEM supplemented with 0.1% BSA (Sigma-Aldrich). During the 

experiments, VSMCs remained in serum-free DMEM and all reagents used to treat and 

stimulate the cells were also diluted in serum-free DMEM.  

We investigated the time kinetics of Ch25h mRNA expression by stimulating VSMCs 

for various timespans. VSMCs were stimulated with 100 nM AngII for 1, 2, 3, 4, 5, and 

DOI:10.14753/SE.2025.3145

https://www.zotero.org/google-docs/?DRj6VS


25 

 

6 hours or not stimulated. We also investigated the effects of biased AT1R agonist 

stimulus on Ch25h mRNA levels. In this case, the VSMCs were stimulated with either 

vehicle or 3 µM TRV120023 (TRV3; Proteogenix) biased AT1R agonist for 1 hour. 

Samples of these experiments were then prepared for RNA extraction.  

To determine changes in 25-HC levels in response to AngII stimulus, VSMCs were 

stimulated with 1 µM AngII for 2, 4, 8, 16, and 24 hours or not stimulated. We prepared 

duplicate samples during the course of the experiments. Following the hormone stimulus, 

the supernatants of VSMCs were collected and subjected to Liquid Chromatography–

Tandem Mass Spectrometry (LC-MS/MS) measurement.  

3.4. Inhibitor treatments and hormone stimulation of VSMCs 

These experiments were initiated by overnight serum deprivation of the VSMC 

cultures, as described above in section 3.3..When investigating the actions of various 

proteins in signaling events leading to gene expression changes, VSMCs were pretreated 

with differing inhibitors before the hormone stimulus. Control groups received dimethyl 

sulfoxide (DMSO) vehicle pretreatment since the inhibitors used in these experiments 

were dissolved in DMSO. Other groups were pretreated with 10 µM candesartan, 50 µM 

SB202190, 20 µM PD98059, 5 µM DPI (Sigma-Aldrich), 1 µM JNK-IN-8 (IN-8; 

Selleckchem) or 1 µM YM-254890 (Wako Chemicals). Pretreatment lasted for 30 

minutes. Then we stimulated cells with 100 nM AngII (Sigma-Aldrich) or vehicle for 1 

hour in case of Ch25h mRNA detection and for 2 hours in case of Dusp mRNA detection. 

Samples were then prepared for RNA extraction.  

3.5. RNA isolation and complementary deoxyribonucleic acid (cDNA) preparation 

In order to isolate total RNA content of VSMC samples, the hormone stimulus was 

stopped by discarding the stimulating media and washing the cells twice with cold, sterile 

PBS. Total RNA was isolated using the RNeasy Plus Mini kit from Qiagen. Briefly, cells 

were washed off the culture plate and lysed with a mixture of lysis Buffer RLT and 70% 

ethanol. Lysed samples were then loaded onto the spin columns provided in the kit and 

centrifuged for 30 seconds at 8000 rcf and 4°C. Samples were then washed with RW1 

and RPE buffers (provided in the kit) with the help of further centrifugation steps. RNA 

was eluted with RNase-free water. RNA concentrations were determined with a 

spectrophotometer (NanoDrop ND-1000) at 260 nm.  
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For cDNA preparation, we diluted RNA samples to a concentration of 0.1 μg/μl with 

RNase-free water. Reverse transcription was carried out with the RevertAid Reverse 

Transcription Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

We added 1-1 μl oligo-dT to each RNA sample and they were subjected to hybridization 

in a polymerase chain reaction (PCR) equipment (Eppendorf; Mastercycler) providing a 

temperature of 70°C for 5 minutes. Next, RevertAid reverse polymerase was added to the 

samples alongside its 5x transcriptase buffer, Ribolock RNase inhibitor, and 

deoxynucleotide triphosphate (dNTP). cDNA synthesis took place at the following 

parameters: 1. T=42°C, 65 minutes; 2. T=70°C, 10 minutes. cDNA samples were then 

diluted with 80 μl RNase-free water and stored at -20°C. 

3.6. Quantitative real-time PCR (qRT-PCR) 

Quantitative real-time PCR (qRT-PCR) procedure was used to assess gene expression 

changes in our samples. qRT-PCR reactions were prepared using the SYBR Green Kit 

(LightCycler 480 SYBR Green I Master; Roche) according to the manufacturer’s 

instructions. This system utilizes a hot start PCR reaction, meaning that the polymerase 

requires a high-temperature (95°C) preincubation period to be active. Fluorescent signals 

are generated with the nucleic acid stain SYBR Green I. Detailed parameters of the 

thermal cycling are as follows: pre-incubation at 95 °C for 5 minutes, followed by 

amplification; 45 cycles of 10 seconds at 95 °C, 5 seconds at 62 °C, and 15 seconds at 72 

°C, melting curve; 5 seconds at 95 °C, 1 minute at 65 °C and 97 °C, and cooling 30 

seconds at 40 °C.   

For the assessment of gene expression of target genes, we employed relative 

quantification, where the mRNA level of target genes was compared to that of a reference 

gene. As a reference, we used the mRNA level of the housekeeping gene, glyceraldehyde-

3-phosphate dehydrogenase (Gapdh). Target genes investigated in our samples were: 

Ch25h, Dusp5, Dusp6, Dusp10. qRT-PCR primers were obtained from Sigma-Aldrich, 

their sequences are listed in Table 1. The measurements were carried out with the 

LightCycler 480 instrument (Roche). The cycle threshold (Ct) was calculated with the 

second derivative method using LightCycler 480 Software. Fold ratios of gene expression 

were calculated as follows:  

Ratio = E ∆ Ct target gene/E ∆ Ct Gapdh. 
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Table 1. qRT-PCR primer sequences. 

Gene name forward primer (5’→ 3’) reverse primer (5’→ 3’) 

Gapdh CCTGCACCACCAACTGCTTAG CAGTCTTCTGAGTGGCAGTGTGATG 

Ch25h GCGTTGGCTACCCAATACAT GTGAGTGGACCACGGAAAGT 

Dusp5 GGCAAGGTCCTGGTTCACTGT GTTGGGAGAGACCACGCTCCT 

Dusp6 ATCACTGGAGCCAAAACCTG CGTTCATGGACAAGTTGAGC 

Dusp10 GGCAAAGAACCCCTGGTATT AGAAACAGGAAGGGCAGGAT 

3.7. Western blot 

Western blot procedure was used to detect phosphorylated forms of p38 MAPK and 

STAT1 proteins. Prior to the procedure VSMCs were serum deprived overnight. The next 

day VSMCs were pretreated with 50 µM SB202190 (Sigma-Aldrich) or 1 µM YM-

254890 (Wako Chemicals) for 30 minutes. Control groups received DMSO pretreatment. 

VSMCs were then stimulated with a vehicle or 100 nM AngII stimulation solution 

(Sigma-Aldrich). Stimulation lasted for 10 minutes or 20 minutes. Following stimuli, 

VSMCs were lysed with 100 µl 2X Laemmli sample buffer (4% sodium dodecyl sulfate 

(SDS; SERVA); 20% glycerol (SERVA); 0.004% bromophenol blue (Sigma-Aldrich); 

125 mM Tris-Cl, pH 6.8; 10% 2-mercaptoethanol (Gibco)). Samples were stored at -80 

°C.  

Sample preparation took place directly before the electrophoresis. Briefly, samples 

were incubated at 100 °C for 5 minutes and then centrifuged for 2 minutes at 4 °C. 

Western blot procedure was carried out using Bio-Rad instruments. To execute 

electrophoresis, 10 µl of each sample was loaded into 8% polyacrylamide gels (8% 

acrylamide (SERVA); 25% 1.5 M Tris buffer (SERVA); distilled water; 0.05% 

tetramethylethylenediamine (TEMED; Sigma-Aldrich); 0.2% ammonium persulfate 

(APS; SERVA)), the proteins were run at 100 V in electrophoresis buffer (25 mM Tris; 

192 mM glycine; 0.1 % sodium dodecyl-sulfate (SDS) in distilled water). Proteins were 

then transferred onto a polyvinylidene difluoride (PVDF) membrane (Thermo Fisher 

Scientific) using a Trans-Blot Turbo Transfer system (Bio-Rad) and transfer buffer (25 

mM Tris; 192 mM mg/ml glycine) containing 20% methanol. 

The PVDF membranes were then blocked for one hour in a tris-buffered saline (TBS; 

137 mM NaCl; 2.7 mM KCl; 25 mM Tris) buffer containing 50 mg/ml milk powder and 
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0.1% Tween-20 (Sigma-Aldrich). The same buffer was used to dilute primary antibodies 

of rabbit origin (Cell Signaling) at a 1:1000 ratio. Phospho-p38 MAPK (Thr180/Tyr182) 

(9211S; Cell Signaling) protein was labeled in samples that were stimulated with AngII 

for 10 minutes, whereas phospho-STAT1 (Ser727) (8826S; Cell Signaling) was labeled 

in samples stimulated with AngII for 20 minutes. Membranes were incubated in the 

primary antibody solutions at 4 °C overnight. Horseradish peroxidase (HRP) conjugated 

secondary antibody against rabbit IgG (7076S; Cell Signaling) was used to label both 

primary antibodies. GAPDH was labeled with an HRP-conjugated primary mouse 

antibody (51332S; Cell Signaling) and used as a reference protein. Membranes were 

briefly incubated (1 minute; room temperature) in enhanced chemiluminescence (ECL) 

reagent to develop signals (Western Lightning Chemiluminescence Reagent Plus, Perkin 

Elmer). Imaging was performed using the Azure 600 Western Blot Imaging System 

(azure biosystems).   

3.8. DNA construct preparation and cloning 

A DNA construct was created for the expression of Cerulean-labeled CH25H fusion 

protein (Cerulean-CH25H). As a first step, we produced the DNA insert to be built into 

the expression vector and which insert includes the open reading frame (ORF) region of 

the Ch25h gene. For the amplification of Ch25h ORF we used the cDNA of a VSMC 

sample that was stimulated with AngII (100 nM) for 1 hour. This proved to be a sufficient 

template, as the cDNA of Ch25h was present in increased amounts. PCR primer design 

included ATAT overhang sequence to ensure optimal polymerase function. Primer 

sequences (Sigma-Aldrich) used during Ch25h amplification are listed in Table 2.  

Table 2. PCR primer sequences for amplification of Ch25h ORF. 

forward primer (5’→ 3’) ATATATGGCCTGCCACAACGTTTCG 

reverse primer (5’→ 3’) ATATAGTCTGTTTCTTCTTCTGGTTCAAGTG 

The amplification reaction mix contained 40 μl distilled water, 5 μl 10x Buffer 

(Agilent), 1 μl template in 1:10 dilution, 1-1 μl forward and reverse primers, 1 μl dNTP, 

and 1 μl Pfu Turbo polymerase (Agilent). PCR conditions were as follows: T=95°C 3 

minutes; 35 cycle of: T=95°C 30 seconds, T=54°C 30 seconds, T=68°C 2 minutes; 

T=68°C 7 minutes. The amplicon was then subjected to agarose (2%; SERVA) gel 

electrophoresis, where DNA was labeled with ethidium-bromide (Invitrogen) and was 
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purified with the GeneJet Gel Extraction Kit (Thermo Fisher Scientific). The purified 

Ch25h amplicon was further amplified using primers containing the necessary restriction 

enzyme sites, which enabled the insert delivery into the plasmid (Table 3.). The forward 

primer contained the EcoRI site (GAATTC), whereas the reverse primer contained the 

AgeI site (ACCGGT).  

Table 3. PCR primer sequences for addition of restriction enzyme sites to Ch25h ORF. 

forward primer (5’→ 3’) ATATGAATTCGCCACCATGGCCTGCCACAACGTTTCG 

reverse primer (5’→ 3’) ATATACCGGTAGTCTGTTTCTTCTTCTGGTTC 

PCR conditions were the same as previously described. The PCR product was 

electrophoresed and purified as detailed above. Both the purified amplicon and the 

pEYFP-N1-Cerulean (Clontech) plasmid backbone were then digested with EcoRI and 

AgeI restriction enzymes (Thermo Fisher Scientific) separately, according to the 

manufacturer’s instructions. Namely, DNA - enzyme mixtures were incubated at 37°C 

for 1 hour. Ch25h insert and pEYFP-N1-Cerulean were then incubated together overnight 

at 16 °C with T4 ligase and T4 ligase buffer (Thermo Fisher Scientific). 

The completed Ch25h-pEYFP-N1-Cerulean (Cerulean-CH25H) plasmid construct 

was transformed into NEB10 bacteria (BioLabs) for cloning. 1 μl of the plasmid construct 

was incubated with 20 μl of bacterial suspension for 30 minutes on ice followed by heat 

shock treatment at 42°C. The bacteria were then kept in Super Optimal broth with 

Catabolite repression medium (S.O.C.; Invitrogen) in a shaker for one hour at 37°C. The 

transformed bacteria were then centrifuged, the supernatant was removed. The bacteria 

were resuspended in 100 μl S.O.C. medium and spread onto Luria Broth (LB; Invitrogen) 

solid medium containing bacteriological agar (Biolab) and kanamycin (25 μl; 50 mg/ml; 

SERVA). Bacterial colonies appeared after overnight incubation at 37°C. Colonies were 

transferred to LB and kanamycin-containing liquid cultures (4 ml volume) and placed 

into a shaker overnight at 37°C. GeneJet Plasmid Miniprep Kit (Thermo Fisher Scientific) 

was used to isolate plasmid DNA. Plasmid DNA samples were then digested using EcoRI 

and AgeI. The digestion product was electrophoresed. The transformed NEB10 culture in 

which the pEYFP-N1-Cerulean backbone and Ch25h DNAs appeared separately and in 

the appropriate base pair region was deemed suitable for further culturing. Accordingly, 

the remaining bacteria were transferred into 150 ml of liquid culture medium (LB; 
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kanamycin) in order to obtain a sufficient amount of Cerulean-CH25H plasmid DNA. 

Following overnight incubation in a shaker at 37°C, plasmid DNA was isolated using the 

ZymoPURE II Plasmid Midiprep Kit (Zymoresearch) according to the manufacturer’s 

instructions. The concentration of the Cerulean-CH25H DNA construct was measured 

with a NanoDrop ND-1000 device. The DNA construct was stored at 4°C. 

The organelle marker (mRFP-SAC1; mRFP-TGN38; mRFP-Giantin) encoding DNA 

constructs used in this study were kind gifts from Dr. Péter Várnai (Semmelweis 

University).   

3.9. Transfection of A7R5 cell lines and primary rat VSMCs 

A7R5 rat aortic VSMCs (American Type Culture Collection, Rockville, MD, USA) 

and primary rat VSMC cultures were transfected separately, using differing transfection 

reagents and protocols to ensure optimal results. These experiments aimed to examine the 

subcellular localization of CH25H and of various organelle markers. Accordingly, cell 

cultures were cotransfected with DNA constructs encoding fluorescent fusion proteins. 

In each case, cells received both the Cerulean-CH25H and one of the mRFP-labeled 

marker proteins expressing DNA constructs. 

A7R5 cells between their third and tenth passages were plated onto μ-Slide 8 well 

plate (Ibidi) in a 1 × 105 cells/well density and cultured in DMEM containing 10% FBS 

and 1% penicillin-streptomycin. The next day, A7R5 cells underwent the cotransfection 

procedure. The three separate DNA construct combinations used were as follows: 

Cerulean-CH25H + mRFP-SAC1; Cerulean-CH25H + mRFP-TGN38; Cerulean-CH25H 

+ mRFP-Giantin. A7R5 cells were cotransfected with one of the DNA construct 

combinations using the Lipofectamine 2000 transfection reagent (Invitrogen). Briefly, a 

total of 0.15 μg plasmid DNA (0.075 μg - 0.075 μg of each DNA construct used) and 0.27 

μl  Lipofectamine 2000 were diluted respectively in equal amounts (100 μl - 100 μl) of 

Opti-MEM (Gibco) and incubated at room temperature for 5 minutes. The diluted DNA 

and Lipofectamine 2000 were then mixed at a 1:1 ratio and incubated at room temperature 

for 20 minutes before adding the 200 μl mixture to one well. A7R5 cells were kept in a 

cell culture incubator (5% CO2; 37°C) for 6 hours, then the transfection medium was 

replaced with DMEM (10% FBS; 1% penicillin-streptomycin) and cells were incubated 

for further 24 hours. 
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The primary rat VSMCs were plated onto μ-Slide 8 well plate in a 1 × 105 cells/well 

density and cultured in supplemented DMEM (10% FBS; 1% penicillin–streptomycin; 

1% GlutaMAX). We transfected VSMCs the following day using the FuGENE 6 

transfection reagent (Promega). VSMCs were cotransfected with Cerulean-CH25H and 

mRFP-SAC1 constructs, the total amount of DNA was 0.5 μg DNA/well, meaning 0.25 

μg-0.25 μg of each DNA construct. We applied a 3:1 = FuGENE 6:DNA ratio. For the 

cotransfection of one well we incubated 1.5 μl of FuGENE 6 in 25 μl supplemented 

DMEM at room temperature for 5 minutes. Then, we added appropriate volumes of each 

DNA construct (containing 0.25 μg of DNA) and incubated the mixture for 15 more 

minutes. 25 μl of the FuGENE 6 and DNA mixture was then added to one culture well 

containing 250 μl of supplemented DMEM. VSMCs were then incubated for 24 hours in 

a cell culture incubator (5% CO2; 37°C). 

3.10. Microscopy 

To detect fluorescent signals of the expressed fluorescent fusion proteins in 

transfected rat primary VSMCs and A7R5 cells as well as the immunolabeled 

endogeneous smooth muscle alpha-actin in rat primary VSMCs, we utilized confocal 

laser-scanning microscopy (Zeiss LSM 710). The transfected cells were subjected to 

imaging 24 hours after transfection, whereas smooth muscle alpha-actin was imaged after 

the completion of the immunocytochemistry procedure. Obtained images were processed 

with Fiji 1.53q software [104]. We analyzed the colocalization of Cerulean-CH25H and 

mRFP fusion protein signals using the JACoP plugin [105]. To define the degree of 

colocalization we examined Pearson’s correlation coefficient values of the analysis. 

3.11. Liquid chromatography–tandem mass spectrometry (LC-MS/MS) 

LC-MS/MS was performed by Pál Szabó (Research Center for Natural Sciences). 

The procedure was carried out as described by Pál Szabó in our previous study [103] “A 

total of 900 µL of methanol was used for 300 µL of supernatant samples for protein 

precipitation. The supernatants were obtained from 6-well plates, in which the cells were 

cultured in 1 mL of medium. The samples were vortexed and centrifuged for 5 min at 

13,000 rpm. A total of 100 µL of supernatant was pipetted into a micro-vial and used for 

quantitation. LC-MS/MS measurements were run on a Sciex 6500QTrap mass 

spectrometer coupled with an Agilent 1100 HPLC system. A Kinetex EVO-C18, 50 × 2.1 
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mm, 5 µm HPLC column was applied using water and acetonitrile (both containing 0.1% 

formic acid) in that gradient elution mode. The flow rate was 600 µL/min. The mass 

spectrometer was operated in positive APCI ionization. The needle current was set to 3 

µA. Curtain, evaporating, and drying gasses were 40, 30, and 20 psi, respectively. 

Quantitation was completed in the MRM mode using ion transitions: 382.5/367.2, 

367.2/161.3, 385.2/159, and 367.3/159. The dwell time for each transition was 150 msec.” 

3.12. Statistical analysis 

We used GraphPad Prism 9.1.2 software to perform statistical analysis and to plot 

graphs. Sample size is indicated in each relevant figure legend as n = number of 

independent experiments. Data are shown as mean ± SEM. The qRT-PCR and 25-HC 

concentration data were analyzed using the multiple linear regression procedure with a 

95% confidence interval. In the case of the experiments employing inhibitors, the 

significance of inhibitor treatment, hormone stimuli, and their interaction with the 

dependent variable was determined. To analyze data displayed in Figure 8B, we applied 

the unpaired t-test, which was suitable for comparison of the control and the stimulated 

groups. 
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4. Results 

 4.1. Ch25h gene expression is upregulated in response to AngII stimulus in 

primary rat VSMCs  

As oxysterols and 25-HC play a prominent role in atherogenic processes [77,106] 

and the skeletal muscle wasting effect of AngII was shown to be mediated by 25-HC 

[101], we were curious to see whether there is any connection between AngII and 25-HC 

in a vascular context. To investigate this possibility, we examined whether AngII affected 

Ch25h - encoding CH25H protein - expression in primary rat VSMCs.  

We utilized multiple time points to assess the time kinetics of AngII-induced gene 

expression change. VSMCs were stimulated with 100 nM AngII for 1, 2, 3, 4, 5, or 6 

hours, the negative control group received no stimulation. Ch25h mRNA levels in the 

samples were measured using qRT-PCR. Figure 7 shows that Ch25h mRNA levels 

increased in response to the AngII stimulus. The peak of Ch25h mRNA levels was 

observed in the group that was stimulated for 1 hour. Here AngII induced a more than 

fifty-fold increase compared to the baseline Ch25h mRNA levels (Figure 7). Since the 1-

hour-long AngII stimulus resulted in the most pronounced upregulation of Ch25h, we 

chose this time point for further analysis.  

 

Figure 7. AngII induces the upregulation of Ch25h in rat VSMCs. We incubated primary 

rat VSMCs in serum-free media overnight. Then VSMCs were stimulated with 100 nM 

AngII for various timespans or not stimulated. Following mRNA isolation and cDNA 
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preparation, samples were subjected to qRT-PCR measurement to determine Ch25h 

mRNA levels. Ch25h mRNA levels are shown relative to Gapdh mRNA levels. The 

figure depicts mean values ± SEM of n = 5 independent experiments. Data were analyzed 

using multiple linear regression, **** p < 0.0001. Source: Kovács KB et al. [103]. 

 4.2. AT1R and Gq/11 activity is responsible for AngII-induced Ch25h upregulation 

in primary rat VSMC 

We hypothesized that Ch25h upregulation by AngII was achieved through the 

activity of AT1R. In order to investigate this hypothesis, we employed candesartan, a 

potent insurmountable antagonist of AT1R, used in antihypertensive therapy [107].  

VSMCs were pretreated with 10 μM candesartan for 30 minutes prior to 1 hour of 

AngII (100 nM) or vehicle stimulus. The control group received DMSO pretreatment 

before stimuli. In accordance with our expectations, the candesartan pretreatment 

completely abolished the AngII-induced Ch25h upregulation (Figure 8A).  

We also investigated signaling molecules downstream of AT1R. As described 

previously, AT1R activation is able to trigger signaling through both Gq/11 protein and β-

arrestin [14]. To assess the role of the Gq/11 function in the upregulation of Ch25h VSMCs, 

we utilized YM-254890, a Gq/11 inhibitor.  The YM-254890 was applied at a concentration 

of 1 µM, the pretreatment lasted for 30 minutes and VSMCs were then stimulated with 

100 nM AngII or vehicle for 1 hour. Figure 8A shows that YM-254890 pretreatment 

rendered AngII unable to induce Ch25h upregulation. 

 β-arrestin-dependent signaling can be activated with the TRV120023 (TRV3) biased 

AT1R agonist, which selectively activates the β-arrestin but not the Gq/11 pathway [108–

111]. VSMCs were stimulated with 3 µM TRV3 peptide for one hour. The TRV3 stimulus 

was insufficient to induce Ch25h upregulation in VSMCs (Figure 8B). 
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Figure 8. AT1R- and Gq/11- dependent Ch25h gene expression in rat VSMCs in response 

to AngII. (A) VSMCs were serum deprived overnight. The next day, we pretreated 

VSMCs with 10 μM candesartan or 1 μM YM-254890 for 30 minutes. The control group 

received DMSO pretreatment. VSMCs were then stimulated with 100 nM AngII or 

vehicle (Veh) for 1 hour. Following mRNA isolation and cDNA preparation, samples 

were subjected to qRT-PCR measurement to determine Ch25h mRNA levels. Ch25h 

mRNA levels are shown relative to Gapdh mRNA levels. The figure depicts mean values 

± SEM of n = 4–5 independent experiments. Data were analyzed using multiple linear 

regression, ** p < 0.01. (B) VSMCs were serum deprived overnight then stimulated with 

3 μM TRV120023 (TRV3) or vehicle (Veh) for 1 hour. Following mRNA isolation and 

cDNA preparation, samples were subjected to qRT-PCR measurement to determine 

Ch25h mRNA levels. Ch25h mRNA levels are shown relative to Gapdh mRNA levels. 

The figure depict mean values ± SEM of n = 3 independent experiments. Data were 

analyzed using unpaired t-test, ns: not significant. Source: Kovács KB et al. [103] 

4.3. Role of the MAP kinase family proteins in AngII-induced gene expression 

changes in primary rat VSMCs 

Our data showed that inhibition of Gq/11-protein activity in VSMCs is sufficient to 

wipe out AngII-induced Ch25h upregulation. Based on this information, we investigated 

the role of MAP kinase family proteins, such as ERK1/2, p38 mitogen-activated protein 

kinase (p38 MAPK), and c-Jun N-terminal kinase (JNK), which are activated by Gq/11 

actions and are also implicated in Ch25h upregulation [8,68,112,113]. The activity of the 

kinases was blocked using various pharmacological inhibitors such as the mitogen-

activated protein kinase kinase (MEK) inhibitor PD98059 (20 µM) for the elimination of 

ERK1/2 activity, SB202190 (50 µM) for p38 MAPK activity inhibition, and JNK-IN-8 

(IN-8; 1 µM) to inhibit JNKs (Figure 9A-C). Inhibitor pretreatment lasted for 30 minutes, 

the control group received DMSO pretreatment. Following pretreatment, the VSMCs 
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were stimulated with 100 nM AngII or vehicle for 1 hour. We found that the PD98059 

pretreatment resulted in a slightly reduced AngII-induced Ch25h upregulation (Figure 

9A). The inhibition of JNK activity did not affect the Ch25h expression either in the 

vehicle- or in the AngII-stimulated samples (Figure 9B). However, the SB202190 

pretreatment effectively wiped out AngII-induced Ch25h upregulation (Figure 9C). The 

Ch25h expression in response to AngII was significantly lower in the SB202190 group 

compared to the DMSO control. The p38 MAPK inhibition was sufficient to hinder 

Ch25h upregulation in VSMCs. 

We also wanted to see how the lack of ERK and p38 MAPK activity affected other 

AngII-induced gene expression changes. We set out to investigate the expression of dual-

specificity MAPK phosphatases (DUSPs). DUSPs are the specific regulators of MAPKs. 

They catalyze the dephosphorylation of their activation loop. DUSPs are able to bind their 

substrates even in a dephosphorylated state thus they can exert spatiotemporal regulation 

of MAPKs [114]. Furthermore, it was demonstrated that the expression of Dusp genes 

was upregulated in response to growth factor and mitogenic stimuli [115]. In accordance, 

our group identified the upregulation of Dusp5, Dusp6 and Dusp10 in response to AngII 

in primary rat VSMCs [37]. 

To conduct this investigation, we utilized the inhibitors mentioned above. Primary 

rat VSMCs were pretreated with PD98059 (20 µM), SB202190 (50 µM) or DMSO for 

30 minutes, followed by a 2-hour long AngII (100nM) or vehicle stimulus. Similarly to 

the observation in the case of Ch25h, the inhibition of MEK, and thereby ERK, resulted 

in a reduced AngII-induced expression of Dusp isoforms (Figure 10A-C), which was 

significant in the case of Dusp6 (Figure 10B). The inhibition of p38 MAPK also resulted 

in a significant decrease of Dusp5 and Dusp6 expression in the groups stimulated with 

AngII (Figure 10D-E). In contrast, by the Dusp10 isoform, neither the inhibition of MEK 

nor the inhibition of p38 MAPK caused a significant decrease of AngII-induced 

upregulation, when compared to the DMSO pretreated control group (Figure 10C and 

10F). 
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Figure 9. p38 MAPK has a substantial role in AngII-induced Ch25h gene expression in 

rat VSMCs. VSMCs were serum deprived overnight. The next day, we pretreated VSMCs 

with 20 μM PD98059 (A), 1 μM JNK-IN-8 (IN-8) (B), or 50 μM SB202190 (C) for 30 

minutes. The control group received DMSO pretreatment. VSMCs were then stimulated 

with 100 nM AngII or vehicle (Veh) for 1 hour. Following mRNA isolation and cDNA 

preparation, samples were subjected to qRT-PCR measurement to determine Ch25h 

mRNA levels. Ch25h mRNA levels are shown relative to Gapdh mRNA levels. The 

figure depicts mean values ± SEM of n = 6 independent experiments. Data were analyzed 

using multiple linear regression, *** p < 0.001, ns: not significant. Source: Kovács KB et 

al. [103] 

 

Figure 10. Effect of MAP kinase family inhibitors on the AngII-induced upregulation of 

Dusp isoforms. VSMCs were serum deprived overnight. The next day we pretreated 

VSMCs with 20 μM PD98059 (A-C), or 50 μM SB202190 (D-F) for 30 minutes. The 

control group received DMSO pretreatment. VSMCs were then stimulated with 100 nM 

AngII or vehicle (Veh) for 2 hours. Following mRNA isolation and cDNA preparation, 

samples were subjected to qRT-PCR measurement to assess Dusp5 (A and D), Dusp6 (B 

and E) and Dusp10 (C and F) mRNA levels relative to Gapdh mRNA levels. The mRNA 

expression data were normalized to the mRNA levels determined in the DMSO vehicle 

samples. These fold change values are plotted as the mean ± SEM of n = 3 independent 

experiments. Data were analyzed using multiple linear regression, **** p < 0.0001, * p 

< 0.05. Source: Gém JB et al. [37] 
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4.3.1. Effect of pharmacological inhibitors on the phosphorylation of p38 MAPK and 

STAT1 

We wanted to assess how the inhibitors that were effective in abolishing AngII-

induced Ch25h upregulation alter the activity of p38 MAPK and the transcription factor 

STAT1. Prior literature data suggest that STAT1 promotes Ch25h expression [74]. We 

investigated the phosphorylation status of p38 MAPK Thr180/Tyr182 and STAT1 Ser727 

residues, which indicates the activity of the respective proteins. 

Primary VSMCs were pretreated for 30 minutes with YM-254890 (1 µM) Gq/11 

inhibitor or SB202190 (50 µM) p38 MAPK inhibitor, whereas the control group received 

DMSO pretreatment. Following pretreatment VSMCs were stimulated with either vehicle 

or 100 nM AngII. VSMCs were lysed with a 2X Laemmli sample buffer and subjected to 

Western blot procedure. 

Our Western blot data showed that AngII induced the phosphorylation of both p38 

MAPK and STAT1 on the amino acid residues investigated (Figure 11A-D). We found 

that the YM-254890 pretreatment caused the decrease of phosphorylation in both p38 

MAPK and STAT1, although the former change was not significant (Figure 11A and 

11C). Similarly, the p38 MAPK inhibitor SB202190 reduced the phosphorylation in both 

the p38 MAPK and STAT1 proteins (Figure 11B and 11D).  

 

 

 

 

 

 

 

 

 

Figure 11. The Gq/11 and p38 MAPK inhibitors reduce AngII-induced p38 MAPK and 

STAT1 phosphorylation. Serum-deprived VSMCs were pretreated for 30 minutes with 

YM-254890 (Gq/11 inhibitor; 1 µM), SB202190 (p38 MAPK inhibitor; 50 µM) or DMSO 

as control (A-D). VSMCs were then stimulated with 100 nM AngII or vehicle for 10 

minutes (A-B) or 20 minutes (C-D). Following lysis with 2X Laemmli buffer, the VSMC 

samples were subjected to Western blot to detect phospho-p38 MAPK (Thr180/Tyr182) 
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(A-B) or phospho-STAT1 (Ser727) (C-D). Western blot images were analyzed using Fiji 

software. The levels of a given phospho-protein are shown relative to the GAPDH level. 

These relative density values are plotted as the mean ± SEM of n = 3-7 independent 

experiments. Data were analyzed using multiple linear regression, **** p < 0.0001, *** 

p < 0.001, ** p < 0.01. Own figure of unpublished data. 

4.4. The inhibition of Nox activation does not impact AngII-induced Ch25h 

upregulation in primary rat VSMCs 

We investigated the involvement of Nox activation in AngII-induced Ch25h 

upregulation. We identified two possible ways in which Nox proteins might contribute to 

the expression of Ch25h. Firstly, AngII is known to induce ROS production by activating 

Nox enzymes [21]. The Nox isoforms whose function is notable in VSMCs are Nox1 and 

Nox4 [39]. The ROS generation promoted by AngII affects signaling, including the p38 

MAPK activation upon AngII stimulus, which was shown to be redox-sensitive [23].  

Secondly, oxysterols can be produced by non-enzymatic processes, such as oxidative 

stress [53] and they are considered endogenous ligands for Liver X Receptors (LXR) 

[116]. Furthermore, it was found that Ch25h upregulation can be the result of LXR 

activation by 25-HC or LXR agonist T317 [67]. Thus, we hypothesized that Nox activity 

might affect AngII-induced Ch25h upregulation either by influencing p38 MAPK activity 

or by triggering oxidative stress, which might result in oxysterol production and LXR 

activation.  

We utilized a pharmacological approach and chose the diphenyleneiodonium 

chloride (DPI) compound to inhibit Nox enzymes in VSMCs. DPI compound potently 

inhibits a wide range of Nox enzymes, including those expressed in rat VSMCs [40,117–

119]. VSMCs were treated with 5 µM of DPI for 30 minutes and subsequently stimulated 

with 100 nM of AngII for 1 hour. According to the qRT-PCR data, there was no 

significant difference of Ch25h expression between the DMSO- and DPI-treated groups 

(Figure 12). AngII-induced Ch25h upregulation was not affected by the inhibition of Nox 

enzymes with DPI (Figure 12). 
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Figure 12. Nox inhibition does not influence Ch25h gene expression in rat VSMCs. 

VSMCs were serum deprived overnight. The next day, we pretreated VSMCs with 5 μM 

DPI or DMSO for 30 minutes. VSMCs were then stimulated with 100 nM AngII or 

vehicle (Veh) for 1 hour. Following mRNA isolation and cDNA preparation, samples 

were subjected to qRT-PCR measurement to determine Ch25h mRNA levels. Ch25h 

mRNA levels are shown relative to Gapdh mRNA levels. The figure depicts mean values 

± SEM of n = 5 independent experiments. Data were analyzed using multiple linear 

regression, ns: not significant.  Source: Kovács KB et al. [103] 

4.5. CH25H protein localizes to the endoplasmic reticulum in the A7R5 rat VSMC 

cell line and in primary rat VSMCs  

Since CH25H protein has not been investigated in VSMCs before, we aimed to 

examine its intracellular localization to see how our data compares to the data available 

in the literature on its localization in other cell types. Previously it was found that both 

mouse and human CH25H proteins localize to the endoplasmic reticulum (ER) and Golgi 

compartments in transfected COS, fibroblast-like cells [58]. We utilized a similar 

approach. Namely, we cotransfected VSMC cultures with DNA constructs expressing 

either CH25H or various organelle markers and then analyzed the colocalization of their 

signals. 

We designed and created a DNA construct encoding Cerulean-labeled CH25H fusion 

protein (Cerulean-CH25H). Additionally, we used various mRFP-labeled organelle 

marker fusion protein encoding DNA constructs: ER marker; phosphatidylinositol-3-

phosphatase (SAC1) (mRFP-SAC1), Golgi apparatus membrane marker; (mRFP-

Giantin), trans-Golgi network membrane marker (mRFP-TGN38). 
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A7R5 rat VSMC cell line or primary rat VSMCs were transiently cotransfected with 

Cerulean-CH25H and one of the marker protein-expressing DNA constructs. 24 hours 

after transfection, the cells were examined using confocal microscopy. Confocal images 

were analyzed with the JACoP plugin [105] to assess the colocalization of the two signals.  

The fluorescent images and our analysis showed that the Cerulean-CH25H and 

mRFP-SAC1 proteins presented strong colocalization in the case of A7R5 and primary 

VSMCs (Figure 13A). However, neither mRFP-Giantin nor mRFP-TGN38 signals 

showed strong colocalization with the Cerulean-CH25H signal in the transfected A7R5 

cells (Figure 13B). Based on our data, the CH25H protein localizes to the ER of VSMCs. 
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Figure 13. CH25H protein localizes to the ER in VSMCs. A7R5 rat VSMCs (A7R5) and 

primary rat VSMCs (VSMC) were cotransfected with Cerulean-CH25H (cyan) and 

mRFP-SAC1 (magenta) expressing DNA constructs (A). In a separate experiment A7R5 

cells were cotransfected with either Cerulean-CH25H (cyan) and mRFP-Giantin 

(magenta) or Cerulean-CH25H (cyan) and mRFP-TGN38 (magenta) fusion protein 

expressing DNA constructs (B). 24 hours post-transfection we used a confocal 

microscope (Zeiss LSM710) for imaging and subsequently analyzed colocalization of 

fluorescent signals using Fiji software. Pearson’s correlation coefficient (PCC) values 

were assessed in each case. In the case of Cerulean-CH25H and mRFP-SAC1 signals 

PCC = 0.83 ± 0.038 = mean ± SEM in A7R5 cells, and PCC = 0.85 ± 0.01 = mean ± SEM 

in VSMC, n = 5 independent experiments (A). In the case of Cerulean-CH25H and 

mRFP-Giantin signals PCC = 0.29±0.014 = mean±SEM, whereas in the case of Cerulean-

CH25H and mRFP-TGN38 PCC = 0.41±0.013 = mean±SEM, n = 3 independent 

experiments (B). Scale bars represent 50 μm. Source: Kovács KB et al. [103] 

4.6. AngII-stimulated primary rat VSMCs release 25-HC 

We wanted to gather information about the product of the CH25H enzyme to see 

whether the AngII-induced Ch25h upregulation also translates to 25-HC level changes. 

We chose to examine extracellular 25-HC levels in our VSMC cultures since literature 

data demonstrates that 25-HC can be released by cells. For instance, 25-HC was shown 

to be secreted by macrophages in a previous study [68]. Furthermore, 25-HC - once 

released to the extracellular compartment - has the potential to evoke cellular responses 

via the binding of cell surface proteins [64].  

In order to investigate 25-HC levels in the supernatant of VSMCs, long-term AngII 

stimuli were employed. A concentration of 1 µM AngII was used and stimuli of VSMC 

cultures lasted for 2, 4, 8, 16, and 24 hours. Following the hormone stimulus, 1 ml of the 

supernatants was collected. 25-HC levels in the various supernatant samples were 

assessed with LC-MS/MS. Figure 14 demonstrates the progressive increase of 25-HC 

concentration up until the 4-hour time point, where an average of 8.2 ng/ml is reached. 

After the 16-hour time point, 25-HC levels in the VSMC supernatants return to 

approximately the baseline levels. We found that 25-HC concentrations were significantly 

increased in the supernatant of the group stimulated with AngII for 4 hours compared to 

that of the non-stimulated group. 
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Figure 14. AngII induces 25-HC production by VSMCs. Following serum deprivation, 

primary rat VSMCs were stimulated with AngII (1 µM) for differing timespans (2, 4, 8, 

16, or 24 hours) or not stimulated. We collected supernatants of the VSMCs and assessed 

25-HC concentration with LC-MS/MS technique. Average 25-HC concentration values 

are shown as mean ± SEM based on n = 3 independent experiments. Statistical analysis 

was carried out using multiple linear regression, * p < 0.05. Source: Kovács KB et al. 

[103] 
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5. Discussion 

In this study, we identified Ch25h upregulation in VSMCs as a response to AngII 

stimulus, which is an AT1R and Gq/11 dependent gene expression change. We determined 

that p38 MAPK activity is crucial to Ch25h upregulation. The CH25H protein localizes 

to the ER in VSMCs and is active in these cells, as evidenced by the 25-HC concentration 

data obtained from the supernatant of AngII-stimulated VSMC cultures. The 

proinflammatory effects of AngII in vascular pathology are similar to those of 25-HC 

[33,47,69,70,81]. By investigating the underlying connection between 25-HC production 

and AngII-induced gene expression changes, we aimed to gather a more profound 

understanding of AngII functions in the vasculature. 

We identified for the first time the upregulation of the Ch25h gene by AngII in 

primary rat VSMCs. Our qRT-PCR data showed an approximately fifty-fold increase of 

Ch25h mRNA in the group stimulated with AngII for one hour (Figure 7). Three hours 

after the AngII stimulus, the Ch25h mRNA levels were comparable to the baseline levels 

detected in the non-stimulated group (Figure 7). These results suggest that AngII-induced 

upregulation of Ch25h is not sustained in VSMCs. In contrast, earlier studies 

investigating the expression change of Ch25h in immune cells report an increase of Ch25h 

expression 4 or 6 hours after the stimulus [66,68,120]. In immune cells, the 

lipopolysaccharide (LPS) serves as a stimulus for Ch25h expression [66]. The finding 

that Ch25h mRNA level increase in VSMCs showed to be quick and transient indicates 

that its expression is regulated in a different manner than in immune cells. This 

phenomenon may be attributed to the differing nature of the stimulus inducing the Ch25h 

upregulation or a distinct regulation of the Ch25h mRNA levels in VSMCs. A study 

conducted on an osteoarthritis model found that microRNA targeting of Ch25h proves 

beneficial in the reversal of CH25H-mediated effects [121]. Considering this data, the 

involvement of microRNAs might explain the transient expression of Ch25h in VSMCs.   

We utilized a pharmacological approach to determine the signaling pathway leading 

to Ch25h upregulation in VSMCs. We treated VSMCs with candesartan, a potent AT1R 

antagonist, prior to the AngII stimulus. The candesartan pretreatment blocked AngII-

induced Ch25h upregulation (Figure 8A). This result demonstrates that AngII 

upregulates Ch25h through the activation of AT1R. Signaling through AT1R causes G 

protein and ꞵ-arrestin dependent actions as well [8,13]. In order to distinguish these 
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pathways, we stimulated VSMCs with TRV120023, a ꞵ-arrestin-biased agonist of AT1R, 

to see whether it can induce Ch25h gene expression change. Our gene expression data 

showed that TRV120023 was insufficient to induce Ch25h expression (Figure 8B). In 

contrast, the inhibition of Gq/11 with the YM-254890 substance obliterated AngII-induced 

Ch25h upregulation (Figure 8A). Based on these findings, we conclude that the AngII-

induced upregulation of Ch25h in VSMCs is dependent on AT1R and Gq/11 activation. 

To further illuminate the actors in the relevant signaling, we investigated signaling 

proteins downstream of Gq/11 whose role in Ch25h expression was also documented in 

the literature. AngII-induced effects and Gq/11 functions contribute to the activation of 

ERK1/2, p38 MAPK, and JNK [8,112,113]. Additionally, the TLR4-mediated Ch25h 

upregulation in macrophages was shown to be dependent on p38 MAPK and JNK [68]. 

Our results demonstrated that the inhibition of p38 MAPK with SB202190 but not the 

inhibition of JNK with JNK-IN-8 wiped out AngII-induced Ch25h expression in VSMCs 

(Figure 9B-C). This indicates the substantial role of p38 MAPK in AngII-induced Ch25h 

upregulation. Furthermore, this result shows that JNK has no effect on Ch25h expression 

in VSMCs, which is in contrast to signaling events documented in macrophages [68].  

To investigate the role of ERK1/2 in Ch25h upregulation, we utilized the PD98059 

MEK inhibitor. qRT-PCR data showed that the PD98059 pretreatment slightly reduced 

the AngII-induced Ch25h expression, but this decrease of Ch25h mRNA was not 

significant compared to the DMSO-treated control group (Figure 9A). This suggests that 

the role of MEK and ERK1/2 is not essential in AngII-induced Ch25h upregulation. 

Similarly to Ch25h, AngII also induced the upregulation of various Dusp isoforms 

[37]. To see whether these induced gene expression events are the result of the same 

signaling events as in the case of Ch25h, we investigated the involvement of p38 MAPK 

and ERK1/2 - whose inhibition affected AngII-induced Ch25h expression - in the 

upregulation of Dusp5, Dusp6, and Dusp10. p38 MAPK inhibition significantly reduced 

Dusp5 and Dusp6 expression, but had a less pronounced effect on Dusp10 expression 

(Figure 10D-F). Indirect inhibition of ERK1/2 activity attenuated Dusp5 and Dusp10 

expression, whereas Dusp6 expression was significantly decreased in the PD98059-

treated group compared to the DMSO-treated group (Figure 10A-C). These results 

indicate that p38 MAPK and ERK1/2 activation affects both Ch25h and Dusp 

upregulation in VSMCs. However, in the case of Dusps it seems that the expression of 
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the various isoforms is differently affected by the p38 MAPK and ERK1/2. This 

difference might be explained by the fact that MAPK family proteins tend to promote the 

expression of those phosphatases that specifically regulate them. In this way, the role of 

p38 MAPK and ERK1/2 in AngII-induced Dusp upregulation can be understood as a 

temporal negative feedback regulatory process [115].  

The upregulation of Ch25h by the p38 MAPK signaling in VSMCs might rely on 

mechanisms different from the upregulation of Dusps. This is suggested by the differing 

time kinetics of the mRNA level changes observed in Ch25h and Dusps. The Ch25h 

mRNA levels peak at 1 hour post-stimulus (Figure 7), whereas Dusp mRNA levels are 

at a peak 2 hours post-stimulus [37] (Figure 10A-F). However, if we look at existing 

literature data, we may understand events downstream of p38 MAPK that lead to Ch25h 

upregulation. The substrates of p38 MAPK include transcription factors, such as STAT1, 

which is phosphorylated on the 727 Serine (Ser727) residue by p38 MAPK [122]. Ch25h 

is an interferon-stimulated gene and its expression is induced by both interferon (IFN) α 

and IFNγ. Additionally STAT1 transcription factor promotes the Ch25h expression in 

macrophages [71,74]. In order to see whether the p38 MAPK phosphorylates STAT1 in 

our samples, we examined the phosphorylation status of STAT1 on Ser727 in AngII-

stimulated VSMCs using Western blot. Our results showed that phosphorylation of 

Ser727 is promoted by AngII stimulus (Figure 11C-D). However, the inhibition of both 

Gq/11 with YM-254890 (Figure 11C) and p38 MAPK with SB202190 (Figure 11D) 

reduced AngII-induced Ser727 phosphorylation in STAT1. These results are not 

surprising since both inhibitors reduced AngII-induced p38 MAPK phosphorylation on 

the Thr180/Tyr182 residues as well (Figure 11A-B). Taken together, we showed that 

STAT1 phosphorylation in our AngII-stimulated VSMC samples depends on p38 MAPK 

activity (Figure 11C-D).  

Based on the results of these experiments and the above discussed qRT-PCR data, we 

hypothesize that AngII-induced Gq/11 signaling activates the p38 MAPK, which then 

activates STAT1 and ultimately enables Ch25h expression in VSMCs. This model is in 

agreement with the literature data. However, further investigations are needed to confirm 

the role of STAT1 in AngII-induced Ch25h upregulation in VSMCs. 

We explored whether oxidative stress influences Ch25h expression in VSMCs. AngII 

promotes ROS production, which alters signaling mechanisms [21,23]. Additionally, 
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ROS might contribute to oxysterol production and oxysterols have the potential to 

activate LXR, thus promoting Ch25h expression [53,67]. In order to investigate this 

avenue, we targeted Nox proteins. VSMCs were pretreated with DPI to inhibit Nox 

activity. We found that the inhibition of Nox enzymes had no effect on AngII-induced 

Ch25h upregulation. Thus our finding indicates that Nox proteins are not involved in this 

gene expression event in VSMCs (Figure 12). 

To assess the subcellular localization of CH25H protein, we cotransfected primary 

VSMC or A7R5 rat VSMC cultures with DNA constructs encoding Cerulean-labeled 

CH25H and mRFP-labeled ER or Golgi marker expressing DNA constructs. Our results 

showed that the Cerulean-CH25H colocalized with the ER marker mRFP-SAC1 (Figure 

13A). This result was consistent in both primary VSMCs and A7R5 cells. However, we 

did not observe a meaningful colocalization of Cerulean-CH25H and mRFP-Giantin or 

mRFP-TGN38 signals, which both localize to the Golgi compartment (Figure 13B). 

Taken together these findings, we conclude that the CH25H protein primarily localizes to 

the ER in the VSMCs, which is in line with existing literature data on the subcellular 

localization of CH25H [58].  

We investigated the effects of AngII on 25-HC levels because 25-HC is primarily 

produced by the CH25H enzyme, and this approach could provide us with information 

about the presence and functionality of CH25H in VSMCs [55]. Since 25-HC was shown 

to be secreted by macrophages, we chose to assess 25-HC levels in the supernatants of 

VSMC cultures stimulated with AngII for various timespans [68]. Our data showed that 

VSMCs indeed release 25-HC into their media (Figure 14). The 25-HC concentration in 

the supernatants of VSMCs was at a peak 4 hours after the AngII stimulus, reaching an 

average of 8.2 ng/ml. Intriguingly, this 25-HC concentration is comparable to the amount 

of 25-HC produced by LPS-stimulated immune cells. Izumi et al., using a similar 

approach to ours, investigated 25-HC concentrations in the supernatants of microglia 

cultures. According to their results, LPS-induced 25-HC concentration increase was in 

the ng/ml range, with an average value under 6 ng/ml [123]. Similarly, it was found that 

LPS stimulus resulted in elevated 25-HC levels in the media of peritoneal macrophage 

cells, with mean maximal 25-HC concentration ranging between 15 ng/ml and 20 ng/ml 

[79]. Considering these pieces of literature data, AngII-stimulated VSMCs seem to be 

able to produce 25-HC to a similar extent as LPS-stimulated immune cells. As for the 
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change of 25-HC concentration over time, we observed a decrease 8 hours post-stimulus 

(Figure 14). 16 hours after the AngII stimulus, 25-HC levels were comparable to those 

of non-stimulated VSMCs (Figure 14). This trend was consistent in all of our 

experiments.  

Thus, we conclude that AngII induces the production of 25-HC, which shows that the 

CH25H enzyme is active in VSMCs. Notably, 25-HC concentrations in the supernatants 

of VSMC cultures varied in the ng/ml range. Whereas studies investigating the effects of 

25-HC apply 25-HC concentrations of 5 µg/ml - 50 µg/ml, which means a thousand-fold 

higher concentration range compared to our measurements [64,79,88–91]. However, the 

dimension of 25-HC concentrations measured in our study can be explained by our 

experimental design. We assessed 25-HC concentrations in 1 ml of VSMC supernatant. 

Under these conditions, the 25-HC produced by the VSMC was diluted. The 25-HC 

released by VSMCs can still be biologically significant, considering that in the 

interstitium of the vessel wall the dilution would not be as great as in our experimental 

model. Thus, 25-HC might be an efficient autocrine or paracrine mediator once released 

by VSMCs. There is evidence that 25-HC binds α5β1 and αvβ3 integrins on the surface 

of macrophages [64]. The integrin α5β1 is also found in VSMCs where it mediates repair 

mechanisms during vascular injury and VSMC migration [124,125]. Taken together these 

findings 25-HC has the potential to mediate signaling through the activation of integrin-

related pathways, which is noteworthy for further study.  
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6. Conclusions 

The aims of this study were the identification of the underlying signaling mechanisms 

that lead to Ch25h expression in VSMCs and the investigation of CH25H subcellular 

localization and action. The major conclusions of this thesis, as per respective objectives, 

are the following (Figure 15): 

6.1. Investigation of AngII-induced Ch25h expression in VSMCs and underlying 

signaling pathways: 

→AngII induces the upregulation of Ch25h in primary rat VSMCs.  

→AngII-induced Ch25h upregulation is dependent on AT1R and Gq/11 activity. 

→The p38 MAPK is essential for the AngII-induced Ch25h upregulation, whereas 

ERK1/2 activity has no significant effect on the expression of Ch25h. 

→The AngII-induced upregulation of Dusp isoforms is affected by p38 MAPK 

and ERK1/2. p38 MAPK is significant in the AngII-induced expression of Dusp5 

and Dusp6, whereas ERK1/2 plays a significant role in Dusp6 expression. 

→AngII stimulus of VSMCs causes phosphorylation of p38 MAPK and STAT1 

transcription factor. The p38 MAPK activity is necessary for STAT1 

phosphorylation on the Ser727 residue. 

→Nox functions have no effect on AngII-induced Ch25h upregulation in VSMCs. 

6.2. Examination of CH25H activity in VSMCs: 

→The CH25H enzyme localizes to the ER in VSMC cell lines. 

→AngII promotes the production of 25-HC by VSMCs, demonstrating the 

catalytic activity of the upregulated CH25H in VSMCs. 

 

 

 

 

 

 

 

 

 

 

Figure 15. Scheme of AngII-induced signaling that leads to Dusp and Ch25h expression 

and 25-HC release. (Own figure based on the conclusions of chapter 6.) 
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7. Summary 

CVD presents major health problems globally. Both the vasoactive hormone AngII 

and the oxysterol 25-HC contribute to the development of vascular pathologies, thus 

CVD. In this PhD work, we investigated the relationship between CH25H, the enzyme 

responsible for 25-HC production, and AngII. We aimed to uncover the AngII-induced 

gene expression changes and the signaling pathways that lead to them.  

The major finding of this thesis is the demonstration of AngII-induced Ch25h 

upregulation in primary rat VSMCs. We determined that Ch25h upregulation depends on 

AT1R and Gq/11 activation. We examined the role of MAPKs. ERK1/2 inactivity 

somewhat reduced AngII-induced Ch25h upregulation. Instead, we found p38 MAPK to 

be the crucial kinase that enables Ch25h upregulation upon the AngII stimulus. 

Furthermore, we found that p38 MAPK activity is necessary for the AngII-induced 

phosphorylation of STAT1 transcription factor, which might be the transcription factor 

responsible for Ch25h upregulation. We further examined whether the ERK1/2 and p38 

MAPK mediate AngII-induced Dusp upregulation to assess their role in AngII-induced 

gene expression changes other than Ch25h. We showed that p38 MAPK is necessary for 

both Dusp5 and Dusp6 upregulation. However, ERK1/2 is significant only in Dusp6 

upregulation. In contrast, Dusp10 expression was not significantly influenced either by 

p38 MAPK or ERK1/2 inhibition. In addition to signaling pathways, we examined the 

CH25H protein and its product. Using fluorescently labeled fusion proteins, we 

determined that CH25H localizes to the ER in VSMCs. Importantly, we identified the 

increase of 25-HC concentration in the supernatant of AngII-stimulated VSMCs, 

indicating the functionality of CH25H in this cell type. 

In this study, we established that AngII upregulates Ch25h expression and that 

VSMCs can be a source of 25-HC production, which was previously not documented in 

the literature. We found that the activation of growth-related signaling by AT1R is needed 

for the AngII-induced Ch25h upregulation. We demonstrated that p38 MAPK 

orchestrates not only the AngII-induced Ch25h upregulation but the upregulation of other 

genes affected by the hormone, namely Dusp5 and Dusp6 [37,103]. Furthermore, we 

showed that AngII stimulus causes 25-HC level elevation in VSMC cultures, which is 

notable since 25-HC has the potential to act as an autocrine or paracrine mediator in the 

vessel wall. 
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