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Abstract 
Statins exert their effects by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMG-CoA-R) in the mevalonate pathway. The purpose of this study is to 

investigate statins, their differences, and the associated mechanisms of vasodilation. 

Seven statins are used in the clinical setting. These statins include atorvastatin, 

lovastatin, fluvastatin, simvastatin, pravastatin, pitavastatin, and rosuvastatin. Statins 

differ in several ways, including their origin, membrane permeability, drug 

interactions, and affinity for HMG-CoA-R. Fungi-derived statins include lovastatin, 

pravastatin, and simvastatin. 

In contrast, atorvastatin, fluvastatin, pitavastatin, and rosuvastatin are produced by 

chemical synthesis. Furthermore, lipophilic statins, including atorvastatin, lovastatin, 

simvastatin, fluvastatin, and pitavastatin, but not rosuvastatin and pravastatin, exhibit 

hydrophilic properties. Hydrophilic statins experience fewer drug interactions than 

lipophilic statins. Pitavastatin and pravastatin exhibit lower efficacy in reducing 

cholesterol levels. In contrast, rosuvastatin and atorvastatin lower cholesterol levels 

more than other statins. Since lipophilic statins readily enter non-hepatic cells, these 

statins may improve vasodilation more than hydrophilic statins. The action of statins 

is due to the inhibition of the production or activity of cholesterol, geranyl-geranyl 

pyrophosphate (GGPP), RhoA/ROCK, phosphatase and tensin homolog (PTEN), 

and nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB), and the 

stimulation of the production or activity of insulin and the PI3K/AKT/eNOS 

pathway. Considering the more potent inhibitory effect of rosuvastatin on the 

mevalonate pathway, along with the substantial inhibitory activity of atorvastatin on 

this pathway and its lipophilic characteristics, these two agents produce a more 

pronounced vasodilatory effect than other statins.  
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Introduction 

Statins were originally derived from fungi. 

Mevastatin was the initial statin isolated from 

Penicillium citrinum. However, it was never offered 

to the market. Lovastatin was the first statin derived 

from fungi to be made available to the public. It is 

primarily produced by Aspergillus terreus strains (1, 

2). Cerivastatin was withdrawn from the global 

market because of renal complications and 

rhabdomyolysis (3). Seven statins are used in the 

clinical setting. These statins include atorvastatin, 

lovastatin, fluvastatin, simvastatin, pravastatin, 

pitavastatin, and rosuvastatin. Pitavastatin and 

rosuvastatin are newer than other statins (4, 5). 

Statins differ in several ways, including their origin, 

membrane permeability, drug interactions, and 

affinity for 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMG-CoA-R), which will be discussed 

below. In addition to inhibiting cholesterol synthesis, 

statins participate in vasodilation mechanisms (6). 

This research aimed to explore statins, including their 

distinctions and the vasodilation mechanisms 

associated with them. 

The Main Function of Statins in Cells  

The liver is the primary site of cholesterol synthesis. 

It is involved in hypercholesterolemia. The role of the 

liver in the development of hypercholesterolemia is 

crucial because cholesterol is a major component of 

low-density lipoprotein cholesterol (LDL-C), or 

"bad" cholesterol. However, due to the beneficial 

functions of cholesterol within the cell, such as its 

functions in the cell membrane, signaling pathways, 

and intracellular transport, the production of 

cholesterol by cells outside the liver is essential for 

the proper functioning of these cells (7). Worldwide, 

cardiovascular diseases (CVDs) are the leading cause 

of death. Hypercholesterolemia emerges as a pivotal 

risk factor in the context of CVDs. 

Hypercholesterolemia frequently occurs in individuals 

with diabetes. Atherosclerotic cardiovascular diseases 

(ASCVDs) are the primary cause of mortality in 

patients with diabetes. The main role of statins lies in 

their capacity to impede hepatic cholesterol 

biosynthesis. Therefore, statin therapy reduces both 

the incidence and mortality of CVDs by inhibiting 

cholesterol synthesis. Consequently, this mechanism 

lowers serum LDL-C levels. (8). Statins exert their 

effects by reversibly impeding the function of HMG-

CoA-R through their interaction with the active site 

within the mevalonic acid pathway. HMG-CoA-R 

converts HMG-CoA to mevalonic acid. These agents 

bear structural resemblance to HMG-CoA and exhibit 

an augmented propensity to bind to HMG-CoA-R. The 

obstruction of this pathway impedes cholesterol 

biosynthesis (9, 10). Only the HMG-CoA-like 

portion of the statins was similar among them. HMG-

CoA-R is a tetramer. It is composed of a pair of dimer 

units. Each dimer has two active sites. Therefore, this 

enzyme has four active sites. The enzyme cannot 

function properly until the dimer forms. Statins 

interfere with the formation of dimers (11).  

Key Differentiating Features of Statins  

As explained in the previous section, the inhibition of 

cholesterol biosynthesis is the primary function of 

statins. It is worth noting that these statins possess 

distinct attributes. Statins were divided into two 

groups: fungal-derived statins and synthetic statins. 

Fungi-derived statins include lovastatin, pravastatin, 
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and simvastatin. However, atorvastatin, fluvastatin, 

pitavastatin, and rosuvastatin are produced via 

chemical or synthetic methods (12, 13) (Table 1). 

The permeability of membranes varies among 

different statins. Statins are divided into lipophilic 

and hydrophilic statins according to their membrane 

permeability. Lipophilic statins, including 

atorvastatin, lovastatin, simvastatin, fluvastatin, and 

pitavastatin, can passively enter both hepatic and 

nonhepatic cells. 

Table 1. Types of statins based on origin and ability to dissolve 

in water or in lipid-containing media. 

Statins Synthetic 
Fungal 

origin 
Lipophilic Hydrophilic 

Atorvastatin     

Fluvastatin     

Lovastatin     

Simvastatin     

Pravastatin     

Rosuvastatin     

Pitavastatin     

Rosuvastatin and pravastatin exhibit hydrophilic 

properties with a comparatively abbreviated half-life 

in contrast to lipophilic statins (Table 1). Hydrophilic 

statins display a selective tendency to permeate 

hepatocytes and intestinal epithelial cells via active 

transport facilitated by specialized carriers. So, they 

exhibit liver- and intestinal epithelial cell-specific 

affinity. However, these statins are somewhat 

permeable to other cells. In this regard, organic-

anion-transporting polypeptides (OATPs) are 

situated within the plasma membrane of hepatocytes 

and enterocytes. OATPs serve as transporters that 

facilitate the transfer of hydrophilic statins into liver 

and intestinal epithelial cells. These transporter 

proteins possess multifaceted functionality, as they 

also aid in the transport of organic anions, including 

bile acids, into hepatic cells in tandem with 

hydrophilic statins (14). In general, lipophilic statins 

are more rapidly absorbed, while the kidneys more 

readily excrete hydrophilic statins. Since most drugs 

are weak acids or bases, they can exist in two phases 

in aqueous solution: ionized or polar and unionized 

or nonpolar. The ionized polar portion is water-

soluble, while the unionized portion is lipid-soluble 

and is the only portion that readily diffuses through 

cell membranes. Hydrophilic statins can be excreted 

unchanged. However, the kidney cannot filter 

lipophilic statins well, and these types of drugs are 

more likely to be reabsorbed into the tubules. For this 

reason, most lipophilic statins are metabolized into 

more polar metabolites that then become water-

soluble (15). 

In the liver, lipophilic statins exhibit numerous 

pharmacological interactions with cytochrome P450 

(CYP450) isoenzymes and are primarily metabolized 

by them. Conversely, hydrophilic statins are 

associated with fewer drug interactions, and the 

CYP450 system exerts negligible influence on their 

metabolism (16).  

Pitavastatin and pravastatin are less effective than 

other statins at lowering cholesterol levels (17). 

Structural differences among statins lead to diverse 

interactions at the HMG-CoA-R active site, 

conferring distinct inhibitory properties. So, the 
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greater effects of rosuvastatin and atorvastatin in 

lowering cholesterol levels are attributable to their 

high binding affinity for the HMG-CoA-R enzyme 

(18). In addition, rosuvastatin has been shown to have 

greater affinity for HMG-CoA-R than any other statin 

(4). Even when administered at equivalent doses, 

rosuvastatin reduces LDL-C levels more than 

atorvastatin (18). Her et al. showed that rosuvastatin 

10 mg/day reduced LDL-C levels in 

hypercholesterolemic patients more than atorvastatin 

20 mg/day (19). In a study conducted by Thongtang 

et al., rosuvastatin 40 mg/day had a greater effect on 

lowering LDL-C levels than atorvastatin 80 mg/day 

in hypercholesterolemic patients (20). Qu and 

colleagues showed that rosuvastatin (10 mg/day) 

reduced total cholesterol (TC) and LDL-C more than 

atorvastatin (10 mg/day) in patients with 

hypercholesterolemia (21). Furthermore, Yanagi et 

al. stated that rosuvastatin (2.5 mg/day) lowered 

LDL-C more than pitavastatin (2 mg/day) in patients 

with type 2 diabetes mellitus (T2DM) (22). In a study 

by Soleymani et al., lovastatin 40 mg/day was less 

effective in reducing LDL-C than atorvastatin 10 

mg/day and simvastatin 20 mg/day (23). Also, 

according to the Adult Treatment Panel III (ATP III), 

rosuvastatin reduces LDL-C more than other statins 

(24).  

The effects of statins on vascular vasodilation  

In addition to cholesterol production, the mevalonate 

pathway generates isoprenoids, including 

geranylgeranyl pyrophosphate (GGPP) (25). GPP is 

a 10-carbon compound that is composed of two 

isopentenyl pyrophosphate units. Combining two 

GPP units forms GGPP (26). So, statins hinder the 

production of GGPP. Rho family members serve as 

primary substrates for isoprenylation. GGPP is 

required for Rho family activation (27). Rho is a 

member of the Ras GTPase superfamily (28). It 

participates in vascular complications by initiating 

downstream effectors, thereby facilitating cellular 

signal transduction (29). In non-hepatic cells, such as 

vascular endothelial cells, statins inhibit Rho family 

GTPases, leading to the accumulation of their 

inactive forms in the cytoplasm, thereby suppressing 

vasoconstriction and vascular complications (30, 31). 

The role of the Rho family in vasoconstriction 

As explained in the previous section, statins block 

Rho family activity in non-hepatic cells, including 

vascular endothelial cells, by limiting GGPP 

production. RhoA is a member of the Rho family 

more involved in vasoconstriction (32). 

RhoA/ROCK pathway and nitric oxide 

production 

The regulation of endothelial nitric oxide synthase 

(eNOS) in vascular endothelial cells occurs post-

translationally (33). In these cells, insulin signaling 

activates phosphatidylinositol 3-kinase (PI3K). 

phosphatidylinositol-3, 4, 5-triphosphate (PIP3) 

triggers PI3K-dependent serine-threonine kinase 

(PDK1) activation through its role as a second 

messenger. PDK1 then phosphorylates AKT/PKB. It 

activates eNOS through phosphorylation at serine 

(34, 35) (Figure 1). Andevari et al. showed that 

atorvastatin 20 mg/day elevated serum insulin levels 

in individuals diagnosed with prediabetes and T2DM. 

This phenomenon may facilitate the augmentation of 

eNOS activity (30). Thongtang et al. showed that, in 

addition to increased insulin concentrations with 
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atorvastatin 80 mg/day, the maximum dose of 

rosuvastatin (40 mg/day) also caused significant 

increases in insulin levels (20).  

 
Fig 1.  Association between PI3K/AKT/eNOS and RhoA/ROCK 

with vasoconstriction. Insulin activates eNOS through the 

PI3K/AKT pathway in endothelial cells. The production of NO 

ultimately suppresses RhoA/ROCK. RhoA/ROCK destabilizes 

eNOS, resulting in vasoconstriction and inflammation. eNOS: 

endothelial nitric oxide synthase, GC: guanylate cyclase, cGK: 

cGMP-dependent protein kinase, GDI: GDP dissociation 

inhibitor, GAP: GTPase-activating protein, GEF: guanine-

nucleotide exchange factor 

Furthermore, Ota et al. declared that statin 

phosphorylation of Akt at Ser473 increased eNOS 

expression in human umbilical vein endothelial cells 

(HUVECs) (36). Jing et al demonstrated that 

pitavastatin enhanced eNOS generation in HUVECs 

(37). In a study by Almansob et al., simvastatin 20 

mg increased NO production, eNOS expression, and 

AKT-eNOS activation in patients undergoing 

noncoronary artery cardiac surgery. Furthermore, this 

drug reduced p38 signaling pathways in these 

patients (38). Moreover, Lin et al. declared that 

atorvastatin 10 mg/day and pitavastatin 2 mg/day 

enhanced eNOS expression in endothelial progenitor 

cells (EPCs). But only pitavastatin facilitated eNOS 

phosphorylation (39). Also, Yemisci and colleagues 

stated that pravastatin (40 mg/day) enhanced eNOS 

activity in human platelets (40) (Table 2). Given that 

statins lower intracellular cholesterol concentrations 

and that accumulation of cholesterol in lipid rafts on 

the plasma membrane disrupts insulin signaling (41), 

statins can thereby improve insulin signaling.  

A decline in eNOS synthesis and activity can lead to 

vascular endothelial dysfunction. RhoA activates 

RhoA kinase or Rho-dependent kinase (ROCK) (42) 

(Figure 1). ROCK is a kinase belonging to the AGC 

(PKA/ PKG/PKC) family of serine-threonine-

specific protein kinases (43). Phosphatase and tensin 

homolog (PTEN) is a phosphatase in humans. 

Mutations in the PTEN gene are a step in the 

development of many cancers. The RhoA/ROCK 

pathway suppresses eNOS expression and function 

through two distinct mechanisms. One of them 

involves PTEN, which dephosphorylates PI3P. 

RhoA/ROCK enhances PTEN stability and activates 

its phosphatase activity via phosphorylation. PTEN 

negatively regulates AKT activation by 

dephosphorylating PIP3 to PIP2. Moreover, eNOS 

mRNA expression can be reduced by ROCK, thereby 

decreasing eNOS stability and half-life (44). 

Vascular endothelial cells produce nitric oxide (NO) 

via eNOS. In vascular smooth muscle cells (VSMCs), 

NO induces cyclic guanosine monophosphate 

(cGMP) production by activating guanylate cyclase 

(GC). Subsequent cGMP-dependent protein kinase 

(cGK) or protein kinase G (PKG) activation follows. 

Through phosphorylation of its downstream targets, 

this kinase reduces intracellular calcium 

concentration, thereby leading to relaxation of VSM 

Cs (27, 45). 
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Table.2. Studies on the effects of statins on vasodilation 

associated factors 
eNOS: endothelial nitric oxide synthase, HUVECs: 

human umbilical vein endothelial cells, EPCs: 

endothelial progenitor cells, CAD: coronary artery 

disease, CHD: congenital heart disease. 
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Insulin 

in vivo 

Prediabetes 

and T2DM 

patients 

20 mg/day Atorvastatin (30) 

Insulin 

in vivo 

Hyperlipidem

ic patients 

80 mg/day 

40 mg/day 

Atorvastatin 

Rosuvastatin 
(20) 

eNOS 

expression 

in vitro 

HUVECs 

 

50 and 100 

nmol/L 

Atorvastatin, 

pravastatin, 

and 

pitavastatin 

(36) 

eNOS 

expression 

in vitro 

HUVECs 

0.01, 0.1, 

and 1 μmol/l 
Pitavastatin (37) 

NO production 

eNOS 

expression 

in vivo 

Patients 

undergoing 

noncoronary 

artery cardiac 

surgery 

20 mg/day Simvastatin (38) 

eNOS 

expression 

in vivo 

EPCs in 

patients with 

cardiovascular 

risk 

10 mg/day 

2 mg/day 

Atorvastatin 

Pitavastatin 
(39) 

eNOS activity 

in vivo 

Platelets of 

patients 

40 mg/day Pravastatin (40) 

NO 

bioavailability 

in vivo 

Patients with 

CAD 

40 mg/day Atorvastatin (49) 

eNOS activity 
in vitro 

HUVECs 
1 μmol/l Fluvastatin (60) 

NO, eNOS 

in vivo 

Patients 

irresponsive 

to sildenafil 

80 mg/day Atorvastatin (61) 

NO 

bioavailability 

in vivo 

Patients with 

CHD 

10 mg/day 

20 mg/day 

Atorvastatin 

Simvastatin 
(62) 

NO 

bioavailability 

in vivo 

CAD patients 

20 mg/day 

40 mg/day 
Atorvastatin (63) 

The NO/cGMP/cGK pathway exhibits distinct 

functionality compared with the RhoA/ROCK pathway. 

As a result, the NO/cGMP/cGK pathway can also 

impede the RhoA/ROCK signaling pathway. These two 

pathways can inhibit one another (Figure 1). Upon cGK 

activation, cGK phosphorylates RhoA and binds to a 

GDP dissociation inhibitor (GDI). Through its 

interaction with RhoA-bound GDP, GDI impedes the 

transport of RhoA to the plasma membrane and the 

binding of guanosine triphosphate (GTP) to RhoA, 

thereby limiting its activity (27). In the plasma 

membrane, Rho GTPase activity is regulated by 

guanine-nucleotide exchange factors (GEFs) and 

GTPase-activating proteins (GAPs). GEFs are proteins 

involved in the activation of small GTPases. GEFs 

facilitate the exchange of GDP for GTP in Rho 

GTPases, whereas GAPs catalyze the hydrolysis of 

GTP to GDP. Consequently, GEFs activate Rho 

GTPases, whereas GAPs deactivate them (46). In 

addition, ROCK contributes to VSMC contraction by 

phosphorylating myosin (47). The inhibition of the 

RhoA/ROCK pathway contributes to the relaxation of 

VSMCs caused by NO. Statins directly inhibit RhoA 

and indirectly promote NO production and cGK 

activation in this pathway (Figure 1). Consequently, 

ROCK is inhibited, and relaxation of VSMCs occurs 

(48). Antoniades et al. reported that taking atorvastatin 

in patients with coronary artery disease (CAD) 

improved vascular NO bioavailability (49). The 
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RhoA/ROCK pathway also exerts other vasodilation 

effects in vascular endothelial cells. Notably, ROCK 

activates the nuclear factor kappa-light-chain enhancer 

of activated B cells (NF-κB) (48). NF-κB upregulates 

endothelin-1 (Et-1) (50). Et-1, upon binding to its 

receptor in endothelial cells, triggers the proliferation 

and migration of VSMCs, ultimately leading to 

vasoconstriction (51). Additionally, this factor may 

promote atherosclerosis by reactivating NF-κB (52). 

Xue et al. showed that atorvastatin attenuated ET-1 

levels in patients with leukoaraiosis (53). 

Critical Insights into Statin Therapy 

Reduced insulin sensitivity, which develops in the 

presence of inflammation, is a key etiological factor 

in T2DM (54). Several lines of evidence have 

suggested that statin therapy may be linked to the 

onset of T2DM, particularly under specific clinical 

circumstances (55). Some studies have indicated that 

statins may exert pro inflammatory effects or be 

associated with reduced insulin sensitivity and the 

development of T2DM. According to the Adult 

Treatment Panel III (ATP III) guidelines, atorvastatin 

and rosuvastatin are more potent at reducing LDL C 

levels than other statins (5). Therefore, it is important 

to consider their potential adverse effects. In a study 

by Healy et al., peripheral blood monocytes were 

isolated from patients who were either treated with 

atorvastatin or not treated. Atorvastatin was shown to 

upregulate interleukin-1β (IL 1β) mRNA and protein 

levels in macrophages. These results suggest that 

atorvastatin may promote atherosclerotic plaque 

calcification through IL 1β upregulation (56). In a 

study by Henriksbo et al., atorvastatin treatment of 

adipose tissue and bone marrow derived 

macrophages (BMDMs) from mice inhibited insulin 

signaling by increasing IL 1β production and activity 

(57). Koh and colleagues demonstrated that 

atorvastatin use in patients with T2DM and metabolic 

syndrome was significantly associated with 

decreased insulin sensitivity (58). Consistent with the 

preceding findings, Moutzouri and colleagues 

reported that rosuvastatin therapy in 

hypercholesterolemic patients was associated with a 

significant increase in insulin resistance (59). 

Conclusion 

Since lipophilic statins readily enter non-hepatic 

cells, these statins may improve vasodilation more 

than hydrophilic statins. The action of statins is due 

to the inhibition of the production or activity of 

cholesterol, GGPP, RhoA/ROCK, PTEN, and NF-

κB, and the stimulation of the production or activity 

of insulin and the PI3K/AKT/eNOS pathway. 

Considering that rosuvastatin exerts a more potent 

inhibitory effect on the mevalonate pathway, and 

given the lipophilic properties of atorvastatin along 

with its superior inhibition of this pathway relative to 

other lipophilic statins, these two agents produce a 

more pronounced vasodilatory effect compared to 

other statins. Elevating the dose and extending the 

duration of therapy with these agents may 

substantially enhance vasodilation. Nevertheless, 

owing to their potent inhibition of isoprenoid 

synthesis, the side effects of their use in patients 

should be considered. Physicians commonly 

prescribe atorvastatin and rosuvastatin to ameliorate 

vascular complications. However, these statins are 

associated with side effects, including inflammation 
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and decreased insulin sensitivity. Thus, future studies 

should prioritize additional preclinical and clinical 

investigations to examine the effects of these agents 

and compare their effects on vasodilation-related 

parameters. Such research would help elucidate the 

precise protective mechanisms of these drugs. 

Furthermore, for a more detailed exploration of 

vasodilation-associated mechanisms, studies 

focusing on endothelial cells and macrophages would 

be particularly valuable. 
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