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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 
FACULTY OF MEDICINE 

Cardiovascular Physiology 

Thesis for the degree of Doctor of Philosophy 

EFFECTS OF ACUTE EARLY AGE STATIN TREATMENT ON RAT VASCULATURE 

Piia Heidi Marjatta Keskiväli-Bond 

A poor developmental environment increases the risk of cardiovascular disease in 

humans; this is modelled by protein restriction (PR) during pregnancy in rats. Chronic 

statin treatment in the PR model from an early age restores endothelial function while 

an acute early age angiotensin blockade reduces blood pressure long term. The aim of 

this study was to investigate if acute early age statin treatment could improve vascular 

function long term in the PR offspring. 

  Female Wistar rats were fed control (18 % protein) or PR (9% casein) diet throughout 

pregnancy. Subgroups of the offspring from both maternal groups received atorvastatin 

(10 mg/kg/day) in their drinking water from three to five weeks of age. Vascular 

reactivity was assessed at five and sixteen weeks. Components of the vasoreactivity 

signalling pathways were investigated with real-time PCR and Western blotting. 

  Maternal PR did not alter vascular function in the offspring and the effects of statin 

treatment were independent of maternal diet. At five weeks of age maximal constriction 

to phenylephrine was reduced in the statin treated male offspring aortae (p<0.01). 

Conversely, at sixteen weeks maximal constriction was increased of male (p<0.05) and 

female (p<0.01) statin treated offspring mesenteric arteries. RhoA and ROCK1 mRNA 

levels were increased in statin treated offspring mesenteric arteries at sixteen weeks 

(p<0.05). Statin treatment had no effect on NO-mediated vasorelaxation. 

  This study shows that early age acute statin treatment has both short and long term 

effects on cardiovascular function and molecular markers in rats. The long term effects 

appear to have arisen as a consequence of the withdrawal rather than being a direct 

effect of the statin treatment adding to the emerging evidence of a rebound effect after 

statin withdrawal. The RhoA pathway is indicated as the mechanisms behind the effects 

of statin withdrawal in this study. 
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1.1 Cardiovascular function and disease 

The cardiovascular system consists of the heart and vasculature and functions as the 

transportation system of the body. Cardiovascular disease (CVD) is an umbrella term 

covering all the conditions where the proper function of the heart and vasculature are 

impaired. CVD has severe long term implications with a high health burden and it 

accounts for a third of all deaths in the UK (Scarborough P et al., 2011) as well as 

worldwide (World Health Organization, 2004). Understanding the aspects of normal 

cardiovascular function and the processes involved in the disease is crucial for the 

prevention of the disease. 

1.1.1 Structure of blood vessels 

The vascular wall is formed of three layers; tunica intima, tunica media and tunica 

adventitia (Figure 1.1). The adventitia is the outermost layer and mainly formed of 

fibroblasts and connective tissue. The media is formed of smooth muscle cells (SMC) 

which are responsible for maintaining the vascular tone. The smooth muscle is flanked 

by the internal and external elastic lamina. The media is thicker in the arteries than in 

the veins allowing better control of the vascular tone. The endothelium forms the 

intima. 

1.1.1.1 Vascular smooth muscle 

The SMC have a central nucleus and are positioned around the vessel wall. The level of 

constriction of the SMC determines the luminal diameter of the vessel and the relative 

amount of smooth muscle in the vessel wall varies depending on the role of the vessel. 

Conduit arteries, responsible for distributing large volumes of blood, are bigger and 

have more elastin in the arterial wall, layered in with the smooth muscle, and thus are 

more flexible. By contrast, the media in the resistance arteries, small arteries and 

arterioles, contains proportionately more smooth muscle to allow efficient control over 

local blood flow. 
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Figure 1.1 Cross section of a vessel 

1.1.1.2 Endothelium 

The endothelium is a single layer lining the whole of the vascular tree forming a barrier 

between the blood and the rest of the vessel wall. The endothelium is important for the 

proper function of the vasculature, contributing to processes both in the arterial wall and 

the lumen. The endothelium contributes to control of local blood flow through the 

production and release of vasodilators and constrictors (Bellien et al., 2010;Furchgott & 

Zawadzki, 1980;Raymenants et al., 1993;Shimokawa et al., 1987;Vanhoutte, 1989). It 

is also important in several other mechanisms such as inflammation, oxidative stress 

and platelet function (Brown & Hu, 2001;Duran et al., 2010;Feletou & Vanhoutte, 

2009;Kubes et al., 1991;Muzaffar et al., 2008;Radomski et al., 1987;Sitia et al., 2010). 

The endothelium maintains the homeostasis of these factors in response to pressure, 

shear stress and platelet products among several other stimuli (Vanhoutte et al., 

2009;Vanhoutte & Mombouli, 1996). 

1.1.2 Control of vascular tone 

Vascular tone is the degree of constriction of the vessel relative to its maximal diameter. 

This is determined by the balance between vasodilators and vasoconstrictors. Vascular 
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tone is the main determinant of vascular resistance. Partial constriction of the vessels is 

maintained under normal circumstances thus allowing both relaxation and further 

constriction as needed. This partial constriction is due to the Bayliss effect: blood 

pressure, hydrostatic pressure exerted by the flowing blood on the vessel walls, stretches 

the arterial wall inducing depolarisation and constriction via stretch activated channels 

(Setoguchi et al., 1997). The differences in blood pressure maintain blood flow, as it 

flows from high to low pressure. Cardiac output and peripheral resistance determine 

blood pressure. Local blood flow is controlled by the changes in vascular tone. Some 

aspects of control of vascular tone will be discussed below 

1.1.2.1 Vasoconstriction 

Vasoconstriction occurs in response to increase in intracellular Ca
2+

 in the SMC. 

Increase in Ca
2+

 allows the formation of Ca
2+

-calmodulin complex which goes on to 

activate myosin light chain kinase (MLCK) (Zhou & Liao, 2009) leading to 

phosphorylation of myosin light chain and constriction (Kauffenstein et al., 2012;Zhou 

& Liao, 2009). 

In receptor mediated constriction the Ca
2+

 is released from the intracellular stores. 

Vasoconstrictors such as endothelin (ET), phenylephrine (PE), angiotensin II and 

thromboxane bind to G-protein coupled receptors (GPCR; Figure 1.2) allowing Ca
2+

 

release from the intracellular stores by activating inositol trisphosphate (IP3) 

(Kauffenstein et al., 2012). The GPCR can also promote constriction independently of 

the Ca
2+

 release pathway via RhoA activation (Figure 1.2). Activation of membrane 

bound RhoA induces Rho kinases (ROCK) which inhibit myosin light chain 

phosphatase (MLCP) thus preventing dephosphorylation of myosin light chain (MLC) 

(Kauffenstein et al., 2012;Khalil, 2010;Wang et al., 2009;Zhou & Liao, 2009). 
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Figure 1.2 Receptor induced smooth muscle cell constriction. Activation of G-protein coupled 

receptors (GPCR) by constrictor agents such as endothelin (ET) and phenylephrine (PE) leads to 

inositol trisphosphate (IP3) mediated Ca
2+

 release via phospholipase (PLC) activation. Intracellular 

calcium Ca
2+

 induces activation of myosin light chain kinase (MLCK) which phosphorylates myosin 

light chain (MLC) activating it. GPCR also activate RhoA which inhibits myosin light chain 

phosphates (MLCP) via ROCK 1 and 2 thus promoting constriction. 

1.1.2.2 Endothelium-dependent vasorelaxation 

For vasorelaxation to occur Ca
2+

 needs to be depleted from the smooth muscle cells 

either by removing it to the extracellular space or transferring it to the intracellular 

stores reducing activation of MLCK(Earley & Nelson, 2006;McDaniel et al., 1991). 

Also activation of MLCP promotes relaxation (Hashiba et al., 2007).
 

Range of vasodilators can be produced by the endothelium and these then induce 

relaxation via receptors on the SMC or diffusing into the SMC (Figure 1.3). Nitric oxide 

(NO) is one of the endothelial vasodilators. It is produced in the endothelial cells via 

conversion of L-arginine to L-citrulline (Palmer et al 1988) by nitric oxide synthase of 

which there are three isoforms: endothelial,(eNOS), neural and inducible. NO then 

diffuses into the smooth muscle leading to production of cyclic guonosine 

monophosphate (cGMP) (Caballero, 2005;Priviero et al., 2009) which activates protein 

kinase G (Munzel et al., 2005). This leads to activation of sarco/endoplasmic reticulum 

Ca
2+

-ATPase (SERCA) which moves Ca
2+

 into the intracellular stores (Lau et al 2003) 
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thus reducing MLCK activation. NO has also been shown to reduce MLCP inhibition 

(Kitazawa et al 2009) thus contributing to MLC dephosphorylation. Substances such as 

bradykinin and acetylcholine (ACh) can induce NO synthesis although it is unlikely that 

ACh can reach the endothelial cells in vivo and thus is not physiologically significant at 

least in large and middle sized arteries (Vanhoutte, 1989). Also blood flow properties 

such as shear stress, have been shown to increase NO synthesis (Ali et al., 

2009;Vanhoutte, 1989) Other endothelial dilators include prostanoids such as 

prostacyclin (PGI2). Prostanoids are synthesised by cyclo-oxyganese (COX) in the 

endothelial cells and they work through GPCR on the smooth muscle and from there on 

elicit their effects in a similar manner to NO via cyclic adenosine monophosphate and 

protein kinase A (Arnal et al., 1999;Vanhoutte & Mombouli, 1996). Endothlium can 

also induce relaxation through hyperpolarisation via an agent termed endothelium-

dependent hyperpolarisation factor (EDHF), the nature of which is not fully understood, 

In response to EDHF the open probability of voltage dependent Ca
2+

 channels is 

reduced as is the activation  of sarcoplasmic reticulum leading to relaxation. EDHF 

relaxation is identified as the relaxation remaining after NO and prostanoid relaxation is 

blocked. The relative contribution of the different vasodilators varies depending on the 

vascular bed and alterations can occur under pathophysiological conditions (Arnal et al., 

1999). 
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Figure 1.3 Endothelium-dependent relaxation pathways. Vasodilators such as nitric oxide (NO) and 

prostacyclin (PGI2) are synthesised in the endothelial cells (EC) and induce relaxation in the 

smooth muscle cells (SMC) through receptors on the SMC (PGI2) or by diffusing into the SMC 

(NO). This leads to activation of sarco/endoplasmic reticulum 
Ca2+

-ATPase (SERCA) which moves 

Ca
2+

 into the intracellular stores thus allowing constriction. 

1.1.3 Cardiovascular disease 

CVD is an inflammatory disease though several other factors, such as endothelial 

dysfunction and increased cholesterol levels, are also involved. Driving factors of CVD 

include athersclerosis, hypertension and diabetes. The imbalance in the mechanisms 

involved in CVD lead to stiffening of the arteries, reduced vasorelaxation and plaque 

formation. These contribute to reduced luminal diameter and thus reduction or complete 

block of the blood flow leading to cardiovascular events. 

1.1.3.1 Inflammation 

Increased inflammation has been associated with increased cardiovascular risk factors 

as well as manifest disease (Codoner-Franch et al., 2011;Huang et al., 2009;Liu et al., 

2011;Sardo et al., 2008;Swirski & Nahrendorf, 2013;Tzoulaki et al., 2008). 

Inflammatory marker levels can also predict the risk of CVD events as has been shown 

with interleukin 6 (Ridker et al., 2000b) and C-reactive protein (CRP) (Ridker et al., 

1997;Ridker et al., 2000a;Zebrack et al., 2002a;Zebrack et al., 2002b). Though 

inflammatory response is beneficial to start with it becomes a problem when the 
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inflammatory agents do not clear leading to chronic inflammation. Increased 

inflammation affects atherosclerotic plaque characteristics as leukocytes adhere to the 

endothelium and macrophages migrate into the arterial wall and phagocytose oxidised 

LDL becoming foam cells and this leads to more vulnerable plaque composition 

(Davies, 2000;Ross, 1999). Also inflammation can contribute to accumulation of 

cholesterol in general as inflammatory markers have been shown to inhibit negative low 

density lipoprotein (LDL) feedback loop (Chen et al., 2007) 

1.1.3.2 Oxidative stress 

Oxidative stress has recently been associated with CVD. In oxidative stress there is an 

increase in production of reactive oxygen species (ROS) though it can also involve 

increased production of reactive nitrogen species. Under normal conditions cellular 

homeostasis is maintained by continually produced ROS stimulating antioxidant 

pathways but during oxidative stress production of ROS overwhelms the antioxidant 

system (Gao & Mann, 2009;Nuyt, 2008). Oxidative stress allows the oxidation of 

biological molecules, such as LDL (Gao & Mann, 2009;Nuyt, 2008), and can also lead 

to reduction in NO bioavailability (Brandes, 2010;Gao & Mann, 2009;Landmesser et 

al., 2003;Leduc et al., 2010;Sussan et al., 2008;Tong et al., 2010). At normal levels 

though, ROS can contribute to NO synthesis (Feng et al., 2010). It has also been 

indicated that oxidative stress can impair relaxation independent of NO (Priviero et al., 

2009). 

1.1.3.3 Endothelial dysfunction 

Endothelial dysfunction has been associated with CVD and it is one of the first steps in 

the development of atherosclerosis (Caballero, 2005;Lind et al., 2011;Ross, 1999). It 

can be detected in people with increased CVD risk factors and altered vascular 

properties before the disease is manifest (Celermajer et al., 1994;Leeson et al., 

2001;Martin et al., 2000;Sorensen et al., 1994). Endothelial dysfunction is also 

associated with hypertension (Giannotti et al., 2010;Panza et al., 1990;Rizzoni et al., 

1998;Wallace et al., 2007) though whether one induces the other is not certain. Impaired 

endothelial dysfunction can be detected in smokers prior to development of 

hypertension (Iwado et al., 2002) though it has been demonstrated that the presence of 

endothelial dysfunction does not predict development of hypertension (Shimbo et al., 
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2010). Endothelial dysfunction is an imbalance of the factors controlled by the 

endothelium, which were discussed in 1.1.1.2, and manifests as increased inflammation, 

oxidative stress as well as impaired vasodilation among other aspects. It is likely that 

the disruption of the NO pathway is a key event in the development of endothelial 

dysfunction (Marchesi et al., 2009). NO is known to be involved in several of the 

endothelium mediated functions, in addition to vasorelaxation, such as inhibition of 

platelet aggregation (Campelo et al., 2012;May et al., 1991;Radomski et al., 1987), 

inflammation (Kubes et al., 1991;May et al., 1991) and oxidative stress (Ali et al., 

2009;Marchesi et al., 2009). 

Reduction in NO bioavailability can occur through increased NO degradation, reduced 

guanylyl cyclase sensitivity or prevention of NO synthesis (Tang & Vanhoutte, 2010). 

Prevention of NO synthesis can occur via reduced eNOS levels or activity, though 

eNOS mRNA and protein expression can be increased in endothelial dysfunction 

(Munzel et al., 2005). Uncoupling of eNOS prevents NO synthesis (Li et al., 

2011;Munzel et al., 2005) without altering eNOS activity as superoxide anion (O2
-
) is 

produced in these conditions (Forstermann, 2010). O2
-
 is an oxidant promoting 

oxidative stress and thus further impairment of endothelial function (Munzel et al., 

2005). O2
-
 can reduce NO bioavailability by reacting with NO forming peroxynitrate 

(Gao & Mann, 2009). Peroxynitrate can uncouple eNOS thus preventing NO formation 

and instead promoting O2
-
  production (Brandes, 2010;Gao & Mann, 2009;Landmesser 

et al., 2003). There is also evidence that oxidative stress can increase release of 

endothelial constrictor agents thus contributing to impairment of endothelial 

homeostasis (Priviero et al., 2009). Inflammation can also contribute to a decrease in 

NO levels as CRP has been shown to reduce eNOS expression, phosphorylation and 

bioactivity (Schneeweis et al., 2010;Venugopal et al., 2002) and induce stiffening of the 

endothelium and reduce endothelial fluid permeability (Kusche-Vihrog et al., 2011). 

Conversely to oxidative stress and inflammation altering endothelial function, 

endothelium is involved in oxidative stress and inflammation; both NO and prostacyclin 

can inhibit oxidative stress (Muzaffar et al., 2008) and eNOS uncoupling has been 

shown to increase inflammation (Li et al., 2011). The importance of NO synthase, and 

thus NO, in CVD has been shown in triple NOS knockout mice as when fed high fat 

diet they have increased cholesterol levels and oxidative stress and show signs of 

atherosclerosis (Yatera et al., 2010). It should be noted that there appears to be some 
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compensatory mechanisms between the endothelial relaxation factors. In several disease 

states where the NO pathway is impaired the EDHF meditaed relaxation is upregulated 

(Triggle et al., 2012) although impairment of the EDHF mediated relaxation can lead to 

disease as well (Feletou et al., 2012;Triggle et al., 2012). 

The association of endothelial dysfunction with CVD has been discussed above as well 

as the interactions between endothelial dysfunction and inflammation and oxidative 

stress. The endothelium is important in maintaining the proper function of the 

vasculature and endothelial dysfunction has been shown early on in the development of 

the disease. Reduced NO bioavailability appears to be the key in endothelial 

dysfunction though involvement of other, less explored, endothelial factors are also 

implicated.  

1.1.4 Cardiovascular disease risk factors 

CVD risk factors can be divided into modifiable and non-modifiable risk factors (Table 

1.1). Lifestyle factors are modifiable. High body mass index (BMI) is a risk factor for 

CVD (Lloyd-Jones et al., 2006) and factors contributing to increased BMI, lack of 

exercise and high calorie diet, are also risk factors on their own (Mora et al., 

2007;Sattelmair et al., 2010;Szostak & Laurant, 2011). This is partially due to 

cholesterol accumulation, a risk factor for CVD itself as well (Pencina et al., 2009), 

though physical activity is a natural regulator of metabolism which appears to contribute 

to reduced CVD risk (Szostak & Laurant, 2011). Smoking increases the risk of CVD 

(Kondo et al., 2011;Pencina et al., 2009) and markers of inflammation, oxidative stress 

and platelet activation have been shown to be increased in smokers (Liu et al., 2011). 

The non-modifiable risk factors are mainly genetic. Men have a higher risk of CVD 

(Blankstein et al., 2011;Pencina et al., 2009), at least when compared to premenopausal 

women, and this appears to be at least partially due to protective effects of oestrogen in 

women (Perregaux et al., 1999;Wildman et al., 2008). Race is a risk factor for CVD, for 

example southern Asians have been shown to have increased risk as compared to whites 

(Bansal et al., 2013;Quan et al., 2013) probably reflecting the prevalence of certain 

alleles associated with CVD. Familial hypercholesterolemia is also well known risk 

factor for CVD (Orso et al., 2009); several genes have been associated with familial 

hypercholesterolemia and a mutation in any of these can lead to abnormally high 
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cholesterol levels. The risk of CVD also increases with age (Blankstein et al., 2011). 

The increase in risk could be related to reduction in NO bioavailability which can be 

increased with exercise (Nyberg et al., 2012). Also in utero and childhood environment 

can be important for the development of CVD in later life as aspects associated with the 

disease can already be observed in children (Berenson et al., 1998;Clarkson et al., 

1997;Huang et al., 2009;Osiniri et al., 2012) and these have been shown to be 

associated with impaired vascular function in adulthood (Aatola et al., 2010).  Other 

diseases can also increase the risk of CVD. Diabetes is one of these though type 2 

diabetes actually shares several lifestyle risk factors with CVD. 

Non-modifiable risk factors Modifiable risk factors 

Gender Obesity 

Ethnicity Unhealthy diet 

Genetics Physical inactivity 

Age Cholesterol 

Early life environment Smoking 

 Hypertension 

 Diabetes 
Table 1.1 Table of modifiable and non-modifiable CVD risk factors. 

1.1.4.1 Cholesterol 

Increased total cholesterol and LDL and reduced high-density lipoprotein (HDL) levels 

are well known risk factors for CVD(Criqui et al., 1987;Davies, 2000;Klag et al., 

1993;Nichols et al., 2013;Poulter, 2003;Ridker et al., 1997) and many pharmacological 

therapies for CVD have been developed to target cholesterol. LDL has a central role in 

the development of atherosclerosis and increased LDL levels are associated with more 

prevalent atherosclerosis (Berenson et al., 1998). LDL accumulates in the arterial wall 

and it can be oxidised contributing to atherosclerotic plaque formation. Cholesterol is 

essential for normal cell structure and function (Goedeke & Fernandez-Hernando, 2012) 

but increased levels and alterations in vessel wall properties lead to disease. 

1.1.4.2 Hypertension 

Hypertension is defined as increase in blood pressure due to increase in vascular 

resistance without change in cardiac output. High blood pressure can lead to end-organ 

damage but it is also associated with alterations in other aspects of vascular function, 
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such as endothelial dysfunction, and is a CVD risk factor (Blankstein et al., 

2011;Masley et al., 2006;Nichols et al., 2013;Ridker et al., 1997) though it can also be 

the driving factor behind CVD. In the vast majority of hypertension, called primary or 

essential hypertension, there is no clear definable mechanism behind the increase in 

blood pressure. In secondary hypertension the alterations in physiological mechanisms 

are known and are related to other disease. Reduction of high blood pressure is known 

to reduce major cardiovascular events (Amery et al., 1985;Czernichow et al., 2010). 

1.1.5 Treatment of cardiovascular disease 

CVD can be treated through lifestyle measures and medication. Increased activity, 

dietary changes and stopping smoking reduce the risk of CVD events by lowering LDL 

and blood pressure (Brown & Hu, 2001;Kondo et al., 2011;Libby & Theroux, 

2005;Mora et al., 2007;Paraskevas et al., 2008) as well as modulating the mechanisms 

behind CVD (Szostak & Laurant, 2011). Weight loss in obese individuals has also been 

shown to reduce arterial stiffness (Dengo et al., 2010). Effective pharmacological 

methods used in treatment of CVD include angiotensin-converting enzyme inhibitors, 

calcium-channel blockers and 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

inhibitors (statins) (Beckman et al., 2004;Brown & Hu, 2001;Libby & Theroux, 2005). 

Angiotensin- converting enzyme inhibitors inhibit constriction and improve 

vasodilation by inhibiting formation of angiotensin II and calcium-channel blockers 

reduce contractility in smooth and cardiac muscles by inhibiting voltage gated calcium 

channels (Brown & Hu, 2001). Statins have lipid lowering effects but their effectiveness 

is also suggestive of other, pleiotropic, properties (Brown & Hu, 2001;Ridker et al., 

2008a;Shepherd et al., 1995;Torrens et al., 2009b). Statin properties are further 

discussed below. 

1.2 Statins 

3’-hydroxy-3’-methylglutaryl-coenzyme A (HMG-Co A) reductase inhibitors, also 

known as statins, have been proven to be effective in their main objective of secondary 

prevention of cardiovascular events and mortality (Furberg et al., 1994;Law et al., 

2003;McKinney & Kostis, 2012;Nissen et al., 2006). Accumulating evidence indicates 

primary treatment with statins can also effectively reduce cardiovascular event rates and 

mortality (Ridker et al., 2001;Ridker et al., 2008b;Taylor et al., 2011;Torrens et al., 
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2009b)(Downs et al 1995). Statins are prescribed mainly for their lipid lowering 

properties but there is also increasing evidence for statins’ pleiotropic effects which 

could contribute considerably to statins’ effectiveness in disease prevention (Kinlay, 

2005). 

1.2.1 Development of statins 

1.2.1.1 Mevalonate pathway 

Statins were specifically developed to target HMG-Co A reductase which had been 

identified as being part of the rate limiting step in cholesterol synthesis. Although 

different statins vary in efficacy they all work by binding HMG-Co A reductase at lower 

concentrations than its natural substrate HMG-Co A and thus inhibit HMG-Co A 

reductase (Liao, 2002;Wang et al., 2008). This inhibits the synthesis of mevalonate 

which has numerous sterol and non-sterol downstream targets involved in several 

different pathways (Figure 1.4). Mevalonate contributes to the formation of different 

isoprenoids, one of which is required for the cholesterol synthesis (Liao, 

2002;Takemoto & Liao, 2001). HMG-CoA reductase activity is regulated on mRNA, 

protein and activity levels through a negative feedback loop from sterol and non-sterol 

products of the mevalonate pathway (Arebalo et al., 1981;Auwerx et al., 

1989;Goldstein & Brown, 1990;Nakanishi et al., 1988). HMG-Co A reductase is 

essential for normal cell function; cholesterol is required in cell membrane lipid layers 

and other HMG-Co A reductase downstream targets are involved in processes such as 

regulation of cell growth (Goldstein & Brown, 1990). Cholesterol is especially 

important during development and in early life de novo cholesterol synthesis, requiring 

HMG-CoA reductase, is increased (Dietschy et al., 1993) with highest levels in rats 

having been shown immediately post weaning at three weeks (Smith et al., 1995). Liver 

specific knockout of HMG-CoA reductase in mice has been shown to be highly lethal 

within six weeks of birth (Nagashima et al., 2012). 
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Figure 1.4 The mevalonate pathway and the effect of statins. 

As mentioned, statins’ ability to reduce cholesterol remains the main reason for their use 

to this day but new evidence indicates that their other properties could be as important 

in their effectiveness in preventing cardiovascular events and mortality. These 

pleiotropic effects are mainly thought to be mediated through the inhibition of 

isoprenylation. Isoprenylation is a post-transcriptional modification of proteins and 

involves addition of lipid attachments which is required for the membrane translocation 

of these proteins, such as members of protein families Rac and Rho GTPases (Takemoto 

& Liao, 2001). Several of these mevalonate pathway end-products are involved in 

regulation of cell growth (Beg et al., 1978;Goldstein & Brown, 1990;Nakanishi et al., 

1988). The importance of inhibition of range of mevalonate pathway end-products is 

well demonstrated by studies comparing statins and other cholesterol lowering 

medication. Statins and ezetimibe, a cholesterol absorption inhibitor, have been shown 

to have similar cholesterol lowering capacities but unlike statins, ezetimibe does not 

improve endothelial function (Fichtlscherer et al., 2006;Gounari et al., 2010). 
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1.2.1.2 Discovery 

Mevastatin, the first statin, was discovered in 1971. It was extracted from the 

fermentation broth of Penicillium citrinum as a part of experiments trying to identify 

agents for HMG-CoA inhibition (Endo, 1992) Animal studies and clinical trials were 

carried out during the decade until long-term high-dose trials on dogs were found to 

have toxic effects (Endo, 1992) Some years after the discovery of mevastatin, lovastatin 

was isolated as a fermentation product of Aspergillus terreus leading to its development 

for clinical use (Endo, 1992) Mevastatin and lovastatin are the only naturally occurring 

statins, with simvastatin and pravastatin being lovastatin derivatives, and atorvastatin, 

rosuvastatin, fluvastatin, pitavastatin and cerivastatin are fully synthetic. 

1.2.2 Pharmacological properties of statins 

All statins have a HMG-CoA reductase binding component but there are differences in 

their structure elsewhere (Istvan 2003). These differences are likely to account for the 

differences in overall efficacy and individual tolerance of different statins. 

The natural and synthetic statins differ in their structure in addition to in their origins. 

The main difference in structure between these two groups involves the HMG-Co A 

binding moiety as the synthetic statins display more binding actions with HMG-Co A 

thus allowing tighter binding of the molecule (Istvan, 2003). Another important aspect 

in defining statin function is their lipophilicity and this determines which tissues statins 

can have a direct effect on. Lipophilic statins are able to pass through membranes by 

passive transport (Hamelin & Turgeon 1998) and can thus enter any cell. Hydrophilic 

statins, on the other hand, are hepatospecific as they require active transport to enter 

cells and these transporters are mainly located in the liver. The liver is the major organ 

for cholesterol synthesis, at least under normal cholesterol intake levels, and it is also 

the major organ controlling the overall cholesterol levels (Dietschy et al., 1993) and 

thus hepatospecificity could allow better targeting of the cholesterol synthesis. 

Hepatospecificity could also be a protection against statins side effects. But as statins 

pleiotropic effects appear to be very important for statins ability to reduce CVD event 

rates and mortality it is possible that ability to enter other tissues, such as endothelial 

and smooth muscle cells, directly could be a benefit. Most of the statins are lipophilic, 
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by varying degrees, with only pravastatin and rosuvastatin being fully hydrophilic 

(Chong et al., 2001;Hamelin & Turgeon, 1998;Sakamoto et al., 2007). 

Of the nine statins developed so far seven are on the market. As mentioned the first 

statin, mevastatin, never made it on the market due to severe adverse effects during 

testing and cerivastatin was withdrawn from the market after adverse side effects due to 

cerivastatin’s ability to inhibit SMC proliferation were identified. Atorvastatin and 

rosuvastatin appear the most effective at least in lipid lowering followed by simvastatin 

and lovastatin (Chong et al., 2001;Law et al., 2003). Atorvastatin has the longest half 

life of 14 hours whereas the half lives of the other statins are up to 3 hours (Chong et 

al., 2001). There is some variability in response to statins between individuals, for 

example genetics can affect susceptibility to statins (Chasman et al., 2004). 

1.2.3 Susceptibility to primary prevention 

Statins have been shown to be effective in primary prevention (Ridker et al., 

2008b;Taylor et al., 2011) but there is evidence that not everyone would benefit from 

primary treatment. Treatment of low risk groups might not incur benefits as statins have 

been shown to reduce coronary events only if either LDL or CRP was increased (Ridker 

et al., 2001). Also in a systematic review it was indicated that in observational studies 

statin treatment at the time of stroke onset was associated with better outcome than 

without statin treatment but this association was not seen in clinical trials (Ni et al., 

2013). It is likely that the patients on statins in the observational studies had a higher 

risk of CVD prior to stroke onset than the patients in the clinical trials. This indicates 

that though primary prevention with statins is effective in high risk groups this 

protective effect is not evident in low risk groups. There is some evidence though that 

statin treatment can improve vascular parameters in apparently healthy subjects (Lunder 

et al., 2011) though endothelial dysfunction was identified in the majority of the 

participants. These studies indicate that primary treatment with statins might not incur 

benefit in low risk groups. 

1.2.4 Pleiotropic properties 

The mechanisms behind statins’ effectiveness in CVD prevention, both secondary and 

primary, have been investigated in clinical trials and translational studies. Changes have 
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been shown in different aspects of CVD on structural and functional level. These 

changes appear to be due to alterations in molecular levels as statins alter mRNA and 

protein levels as well as activity of molecules in a range of pathways. 

1.2.4.1 Clinical trials 

Both primary and secondary prevention of CVD by statins have been well demonstrated 

and have been associated with reduction in cholesterol (Ni Chroinin et al 

2011)(1998;Downs et al., 1998;Shepherd et al., 1995). Statins have also been 

demonstrated to have beneficial effects on non-lipid related conditions such as 

Alzheimer’s disease, rheumatoid arthritis and sepsis indicating pleiotropic properties. 

All the above mentioned conditions and CVD involve inflammation (Brookes et al., 

2009). There is also some evidence for statins effectiveness in cancer treatment (Kodach 

et al., 2011;Liu et al., 2012b). Statins’ pleiotropic effects have also been shown in 

context of CVD in clinical trials. 

Reduction in CVD event rates has shown to be greater when the reduction in not just 

cholesterol but also CRP levels is greater (Ridker et al 2005). In JUPITER study 

subjects were chosen based on increased CRP levels without elevated cholesterol and 

statin treatment lead to a reduction in CRP levels accompanied by hazard reduction 

(Ridker et al., 2008b) though later post-hoc analysis found that in groups where at least 

one post-trial blood test showed low LDL levels protection against CVD events was 

greater (Hsia et al., 2011;Ridker et al., 2008b). Fluvastatin has been shown to reduce 

both LDL and inflammatory marker levels, though not CRP, in heart failure patients 

(Gurgun et al., 2008). Rapid antioxidant effects via Rac1 and NADPH oxidase 

reduction, independently of cholesterol lowering and anti-inflammatory effects, have 

been demonstrated in patients undergoing coronary artery bypass graft (Antoniades et 

al., 2010). Statins can also improve endothelial function as they have been shown to 

improve endothelium dependent vasodilation in smokers (Beckman et al., 2004) and 

reduce platelet-collagen interactions (Molins et al., 2010). Statin treatment has also been 

shown to slow down the development of atherosclerosis (Furberg et al., 1994) and 

reduce plaques with vulnerable plaque characteristics (Kwee et al., 2010). Although 

reduction in cholesterol levels would be expected to alter plaque characteristics there is 

evidence that the statin-related improvements in plaque composition could be at least 

partially mediated by a decrease in macrophage numbers and an increase in plaque 
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SMC content (Puato et al., 2010). The above studies show that statins exert their 

pleiotropic properties in clinical setting. These studies have not conclusively confirmed 

the importance of these properties in event prevention though the JUPITER trial 

suggests that at least statins anti-inflammatory effects have some clinical relevance 

(Ridker et al., 2008b). 

1.2.4.2 Translational studies 

The pleiotropic properties of statins have also been demonstrated in animal studies 

which have been further backed up by data from in vitro experiments allowing a better 

characterisation of the mechanisms behind statin actions. Several studies have 

demonstrated statins ability to improve vascular function, mainly endothelium-

dependent relaxation. Statins have been shown to have similar effects on morphology 

and function in animals as in humans. Statin treatment has been shown to inhibit plaque 

formation in ApoE
-/-

 mice (Bot et al., 2010) and improve endothelium-dependent 

vasodilation in several animals models (Lee et al., 2013;Suh et al., 2010;Tian et al., 

2011). The improvement in endothelial function has been shown to be cholesterol 

independent (Kansui et al., 2004;Torrens et al., 2009b). Also incubation of arterial 

segments with statins improves endothelial function (Ghaffari et al., 2011). Although 

the above studies have indicated improvement in endothelial function and especially 

increased NO bioavailability as the statin mechanisms, other endothelial aspects are 

indicated as well. Statin induced relaxation has been shown to be reduced by inhibition 

of prostanoid as well as NO production (Alvarez de et al., 2000;Skogastierna et al., 

2011). Statins ability to increase NO bioavailability has also been indicated at molecular 

level. Statins have been shown to upregulate eNOS mRNA levels (Aoki et al., 

2012;Laufs et al., 1998;Lee et al., 2013;Skogastierna et al., 2011), eNOS protein levels 

(Laufs & Liao, 1998;Wenzel et al., 2008) and eNOS phosphorylation and activity (Aoki 

et al., 2012;Lee et al., 2013;Ohkawara et al., 2010;Rossoni et al., 2011;Suh et al., 2010) 

Statin treatment also appears to increase BH4 (Meda et al., 2010) which contributes 

towards eNOS recoupling (Wenzel et al., 2008). Inhibition of RhoA could be one of the 

mechanisms increasing NO bioavailability as statins can inhibit RhoA activation (Gertz 

et al., 2003) and RhoA has been shown to inhibit eNOS in endothelial cells (Laufs & 

Liao, 1998). Statins could also promote relaxation via inhibition of constriction agents 



  Chapter 1 

 19  

as statins have been shown to reduce ET-1 expression in cell culture (Hisada et al., 

2012). 

Statin effects on other factors involved in CVD have also been shown in translational 

studies. Inhibition of transcription factor activation by statins has been shown to inhibit 

inflammatory and proliferative gene expression in cell culture (Dichtl et al., 2003). 

Several studies have demonstrated statins antioxidant properties (Ali et al., 2007;Bao et 

al., 2009;Briones et al., 2009;Moreno et al., 2009;Wagner et al., 2000;Yagi et al., 2010) 

and statin induced upregulation of antioxidant genes has been indicated as a mechanism 

behind the increase in NO bioavailability (Ali et al., 2009). Statins have also been 

shown to inhibit platelet activation in mice both dependent and independent of eNOS 

(Ni et al., 2012). 

1.2.5 Effects of statins over time 

As discussed above clinical trials have shown that long term statin treatment reduces 

CVD events long term but there is also evidence that statin effects, especially 

pleiotropic properties, can be detected shortly after initiation of treatment. Statin 

treatment has been shown to improve endothelium-dependent vasodilation and elasticity 

and reduce cholesterol within thirty days in humans (Beckman et al., 2004;Ratchford et 

al., 2011) and the improvement in vasodilation and cholesterol levels accompanied with 

reduced CRP has been shown as soon as four days of initiation of treatment (Laufs et 

al., 2001). The rapid improvement in endothelium-dependent vasodilation has been 

indicated to be due to prevention of eNOS uncoupling (Antoniades et al., 2011). Some 

effects have been shown within hours in humans. Statin treatment has been shown to 

reduce vasoconstriction within 24 hours (Wassmann et al., 2003) and reduced oxidative 

stress and platelet activation has been detected two hours after administration (Pignatelli 

et al., 2012). The rapid beneficial effects of statins have also been shown in animals;  in 

spontaneously hypertensive rat pravastatin administration prevented increase in blood 

pressure from the first week of treatment (Kassan et al., 2009). Reduction in oxidative 

stress was implicated as the mechanisms behind reduction in blood pressure. 

Not only do statins protective effects appear quickly but there is also indication that 

statins can exert their protective effects long after treatment discontinuation. Follow up 

studies investigating statins showed reduced CVD event rates and mortality in the 
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groups originally on statins up to five years after the end of the trial period (Bulbulia et 

al., 2011;Ford et al., 2007). These long term benefits of prior statin use could indicate 

that starting statin treatment before overt disease is established could provide protection 

even if the treatment is discontinued. There is also evidence that statin effects on 

function are not permanent, at least after shorter term treatment; improvement in 

forearm blood flow, cholesterol and CRP were shown to start to return to pre-treatment 

levels three days after 30 day treatment period (Laufs et al., 2001).  

Statins have been shown to be very effective in secondary and primary prevention of 

CVD. This is attributable to their cholesterol lowering properties though increasing 

evidence supports the importance of statins’ pleiotropic effects. Primary prevention of 

CVD with statin has been shown to have protective effects beyond the treatment period 

although it is implied that only in those with increased risk of CVD. Statins exert their 

effects, especially the pleiotropic properties, rapidly although the degree to which 

statins pleiotropic properties contribute to disease prevention has not been fully 

determined despite number of studies that have looked at this. Also considering statins 

effectiveness in primary prevention and the indication that they could have protective 

effects beyond long term treatment period whether short term statin intervention could 

provide long term benefit needs to be further explored. 

1.3 Developmental origins of cardiovascular disease 

The increase in the prevalence of cardiovascular disease cannot be explained by 

hereditary and lifestyle factors alone. Early life environment can contribute to adult 

health as poor developmental environment has been associated with increased risk of 

disease, including CVD, diabetes and metabolic disorder. The earliest evidence for an 

association between developmental environment and adult health comes from 

epidemiological studies conducted in the 1980’s and this has since been supported by 

data from further epidemiological studies and animal models. 

1.3.1 Epidemiological studies 

The first epidemiological studies looked at the association of birth weight with disease 

factors and mortality. Geographical studies found a negative correlation between CVD 

mortality and birth weight (Barker et al., 1989b) and a similar association was also 
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found between adult blood pressure and birth weight (Barker et al., 1989a). The 

association between low birth weight and CVD mortality and events has since been 

shown in cohort studies as well (Leon et al., 1998;Osmond et al., 1993;Osmond et al., 

2007). Several studies have been conducted since and these have further demonstrated 

the association between CVD and fetal growth by looking at not only CVD mortality 

and events but also risk factors and their association with a range of fetal growth 

markers, such as ponderal index (birth weight/birth length
3
) and head circumference, in 

addition to birth weight. Ponderal index in men and shortness at birth in men and 

women has been associated with increased CVD mortality (Kajantie et al., 2005). 

Shortness, thinness and small placental size have been associated with increased blood 

pressure in later life (Eriksson et al., 2000). (Eriksson et al., 2001;Huxley et al., 2007)  

The association between blood pressure and birth weight has also been shown in later 

studies (Barker et al., 1989a;Eriksson et al., 2000) though some studies have not found 

this (Leeson et al., 2001). The findings of these studies have been criticised as meta-

analysis found the association between birth weight and later life blood pressure to be 

smaller than large studies indicated, but despite the criticism the association remained 

(Huxley et al., 2002). Low birth weight has been shown to be associated with 

endothelial dysfunction and increased carotid intima-media thickness, an association 

which was also shown to be separately true for small for gestational-age preterm infants 

(Skilton et al., 2011). Low birth weight has also been shown to be inversely associated 

with CRP levels in adulthood (Tzoulaki et al., 2008). The effect of birth weight on CVD 

risk has been shown to be of same magnitude as current smoking when the overall risk 

factor burden is low (Leeson et al., 2001). It has also been shown that the relationship 

between fetal growth and risk of CVD is not necessarily linear but rather inverse J 

shaped so that high birth weight is also associated with increased risk of CVD (Osmond 

et al., 1993). 

Though the above studies have demonstrated the association between CVD and fetal 

growth markers at birth it does not follow that the increase in risk is due to reduced fetal 

growth per se. It is possible that reduced nutrient availability alters both growth and 

tissue and organ development leading to altered function and increased risk in later life. 

Also it is not just the quantity but also the composition of maternal diet during 

pregnancy that can have an effect on vascular function of the offspring in adulthood. 

Famine exposure during fetal life has been shown to be associated with increased blood 



Chapter 1 

 22 

pressure, endothelial dysfunction and adiposity (Stanner et al., 1997;Stein et al., 

2006;Stein et al., 2007) but there is evidence that the composition of this reduced 

nutrient supply can further alter the risk of impairment in cardiovascular function 

(Roseboom et al., 2001). 

Though the increase in risk and mortality has been demonstrated in adults there is also 

evidence of altered vascular function at younger age. These changes appear well before 

the development of overt disease. Endothelial dysfunction has been observed in young 

adults with low birth weight (Leeson et al., 2001) which was also shown together with 

arterial stiffness already in 11 year children with low birth weight (Martin et al., 2000). 

Increased blood pressure has also been shown in 5-11 year old children who were small 

for their gestational age at birth (Wolfenstetter et al., 2012). 

1.3.1.1 Hypotheses 

The association between poor fetal growth and CVD could be due to compromised 

tissue and organ development though hypotheses have been put forward to explain this 

in evolutionary context. Thrifty phenotype hypothesis suggests that poor fetal 

environment increases the risk of disease in later life only if the postnatal environment 

is more abundant than the prenatal environment but would actually be beneficial in the 

same deprived environment experienced during fetal life (Hales & Barker, 1992). 

Evidence from epidemiological studies supports this as shift from poor nutritional status 

to a better one, especially during growth, increases the risk of diabetes in later life 

(Bhargava et al., 2004;Schooling et al., 2009). Predictive adaptive response hypothesis 

expands on the thrifty phenotype hypothesis. It suggests that a mismatch between the 

prenatal and postnatal environments brings out the disadvantageous effects of the 

prenatal adaptations; the greater the mismatch the greater the risk of disease (Hanson & 

Gluckman, 2005;Mcmillen & Robinson, 2005). This is indicated in humans as faster 

weight gain after birth increases the risk of CVD even further in children born small 

(Eriksson et al., 2001;Oren et al., 2004) implicating greater mismatch between the 

intrauterine and postnatal environments. Also impaired endothelial function has been 

shown to be associated with increased growth in early post natal life even in normal 

birth weight children (Touwslager et al., 2012). 
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1.3.2 Animal models for developmental origins of cardiovascular disease 

Several animal models have been developed to induce a disease phenotype 

developmentally; these include placental insufficiency, maternal dietary modulation and 

uterine ligation mainly in sheep and rodents. These models have been reviewed in 

(Vuguin, 2007) and (Mcmillen & Robinson, 2005). Despite the differences in the insult, 

timing, duration and severity, a similar disease phenotype is seen in the offspring. These 

models have been shown to exhibit a range of alterations in cardiovascular function, 

growth, glucose handling and behaviour among others (Samuelsson et al., 2008;Torrens 

et al., 2009a;Vickers et al., 2005;Watkins et al., 2008). Some of the rodent models of 

developmentally induced CVD will be discussed below. 

1.3.2.1 Manipulation of fetal nutrient availability 

In accordance with the association between low birth weight and CVD, disease models 

of intra-uterine growth restriction (IUGR) have been induced. These models include 

uterine vessel ligation as well as maternal undernutrition during pregnancy. The 

offspring phenotype includes reduced fetal growth, as implied by IUGR, and impaired 

vascular function in the adult offspring. Although the birth weights of pups born to 

undernourished rat dams are reduced, increased weight gain has been observed 

postnatally (Brennan et al., 2008) and this is also true for offspring of uterine vessel 

ligation (Mazzuca et al., 2012;Wlodek et al., 2008). Uterine vessel ligation has also 

been shown to increase blood pressure in the offspring (Mazzuca et al., 2012;Wlodek et 

al., 2008). Increased constriction and endothelial dysfunction has been shown in the 

offspring of undernourished rat dams (Holemans et al., 1999;Torrens et al., 2009a) and 

they also display obesity and hyperinsulemia (Vickers et al., 2005;Vickers et al., 2008). 

Cardiovascular function can also be impaired by alterations in availability of certain 

nutrients. Maternal protein restriction (PR) during and around pregnancy is one of these 

models. Maternal protein restriction has been shown to affect several aspects of vascular 

function in the offspring. NO induced vasodilation has been shown to be impaired both 

in the aorta and mesenteric arteries (Brawley et al., 2003;Rodford et al., 2008;Torrens et 

al., 2009b). Some studies have demonstrated this to be completely endothelium 

dependent (Torrens et al., 2009b) whereas others have also indicated alterations in the 

cGMP levels (Brawley et al., 2003). In the brain microvessels the impaired relaxation 
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has been shown to be due to reduced cGMP availability (Lamireau et al., 2002). 

Increase in blood pressure has also been shown in this model (Brawley et al., 

2003;Langley-Evans & Jackson, 1995;Mizuno et al., 2013). This increase has been 

shown already in four-week old offspring in some studies (Sahajpal & Ashton, 

2003;Sherman & Langley-Evans, 1998) though others have only shown this in the 

female offspring (Jackson et al., 2002). Maternal PR solely during oocyte maturation or 

pre-implantation period, brief periods before and in the beginning of pregnancy, can 

also impair endothelium dependent relaxation and increase blood pressure in mouse 

offspring (Watkins et al., 2008;Watkins et al., 2010). 

As demonstrated above maternal protein restriction impairs vascular function due to 

impaired fetal environment but it does not necessarily alter rate of growth during fetal 

life or long term (Sherman & Langley-Evans, 1998;Torrens et al., 2003;Torrens et al., 

2009b). Some studies do show reduced weight at birth though this appears to manifest 

when the difference in protein content between the maternal diets is somewhat greater 

(Desai et al., 1997;Guan et al., 2005;Qasem et al., 2010;Woods et al., 2001). Increase in 

weight postnatally has also been reported (Rodford et al., 2008;Sherman & Langley-

Evans, 2000). These data indicate that even small differences in protein content can 

have great effects on offspring phenotype. It is also implied that although weight and 

other anthropometric measurements at birth can be used as markers of fetal growth they 

are not necessarily representative of the development of individual tissues and organs. 

Not only does nutrient deprivation during development induce disease in later life but 

also excess can be detrimental to later life health as has been demonstrated in maternal 

high fat model. High fat diet models have been developed to reflect dietary habits in the 

Western world. Rats can adjust their food intake based on the calorie content and thus 

high fat diet does not necessarily lead to increase in weight and highly palatable diets 

high in sugars have been developed to induce obesity (Samuelsson et al., 

2008).Maternal high fat during pregnancy or suckling has been shown to lead to 

endothelial dysfunction and increased blood pressure (Kelsall et al., 2012;Khan et al., 

2005;Torrens et al., 2012). 

Some animal studies have supported the predictive adaptive response hypothesis as 

postnatal high fat feeding has been shown to prevent some of the vascular impairment 

induced by maternal high fat feeding during pregnancy and lactation (Khan et al., 
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2004). Also postnatal high fat diet has been shown to aggravate the effects of severe 

maternal protein restriction as both postnatal high fat and maternal PR increased blood 

pressure and had an additive effect when the animals were exposed to both (Souza-

Mello et al., 2007). Postnatal high protein diet has also been shown to increase blood 

pressure in the PR offspring even further (Chen et al., 2010). 

1.3.3 Epigenetics 

Long term changes induced by the developmental environment could arise following 

changes in morphology but there is evidence to indicate that long term changes in 

heritable elements could be involved in developmentally induced disease. Changes in 

heritable elements are indicated as the effects of maternal PR and undernutrition have 

been shown in the F2 generation (Ponzio et al., 2012;Torrens et al., 2008). Changes in 

heritable elements are also implicated in humans as father’s early life nutrition has been 

shown to have an effect on offspring mortality (Pembrey et al., 2006). Epigenetic 

mechanisms are known to have long term effects on gene expression. These 

mechanisms alter the binding of the transcription factors onto the promoter regions. 

Methylation affects gene promoter regions directly; methylation of the promoter region 

has an effect on the sensitivity of the promoter region and thus can alter the rate of gene 

expression. Maternal protein restriction has been shown to alter methylation in rat 

offspring (Lillycrop et al., 2008) and these changes with altered gene expression have 

also been shown in the F2 generation (Burdge et al., 2007). Also in humans 

periconceptional famine exposure is known to alter methylation (Heijmans et al., 2008). 

Histone acetylation can alter DNA packaging and thus alter the availability of the 

promoter regions. Maternal high fat diet during pregnancy has been shown to lead to 

alterations in histone acetylation in rat neonates (Strakovsky et al., 2011). 

1.3.4 Intervention in developmentally induced cardiovascular disease models 

Both epidemiological and animal studies have demonstrated that poor fetal environment 

impairs vascular function and increases the risk of disease in later life. Animal studies 

have looked at interventions in mature animals and as changes in function have been 

seen already in adolescents, in humans and animals, the possibilities of early age 

interventions have also been investigated. 
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Chronic intervention and short term intervention in mature animals have been shown to 

be effective in the PR model. Chronic statin treatment from weaning onwards has been 

shown to ameliorate endothelial dysfunction in twenty week old PR offspring and this 

was shown to be cholesterol independent (Torrens et al., 2009b). Renin-angiotensin 

system targeting drug captropil has been shown to reduce blood pressure after 18 day 

treatment in 23 week old female PR offspring (Langley-Evans & Jackson, 1995). This 

reduction was maintained for some weeks after the withdrawal of the treatment. 

Although the blood pressure started to increase again it did not reach pretreatment levels 

at least for thirteen weeks after the withdrawal. 

As short term treatment can have long term effects in the PR model acute intervention at 

an earlier time point could allow more effective prevention of disease progression. 

Treatment of the mothers during pregnancy has been shown to have a protective effect 

on the vascular function of the offspring. Pravastatin treatment of high fat fed mice 

during pregnancy has been shown to reduce blood pressure and cholesterol levels in the 

offspring (Elahi et al., 2008). It is likely though that the improvement in vascular 

parameters in the offspring was not due to direct effects of statin on the offspring but 

rather due to the treatment effect on the mothers. Thus the improvement in maternal 

parameters could have prevented some of the programming effects of maternal high fat 

diet from occurring in the first place, although a possibility remains that pravastatin 

might be able to cross the placenta following modification in the liver. Early age acute 

treatment of the offspring with captropil and losartan, another renin-angiotensin system 

targeting drug, has been shown to improve blood pressure long term in the PR 

offspring. Administration of losartan and captropil from two to four weeks, prior to 

weaning, reduced blood pressure immediately after treatment and at twelve weeks in the 

PR offspring (Sherman & Langley-Evans, 1998;Sherman & Langley-Evans, 2000). 

Acute early age treatment has also been shown to be beneficial in undernourished rat 

offspring. Leptin has several roles including regulation of energy homeostasis and 

metabolism (Khan et al., 2012) and acute early age leptin treatment has been shown to 

alter metabolic response to postnatal high fat diet in undernourished rat offspring. 

Leptin was administered by injection for 10 days from 3 days of age. There were 

differences between males and females but in general leptin protected the offspring of 
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undernourished rat dams against obesity at 100 days of age (Vickers et al., 

2005;Vickers et al., 2008). 

Time

Risk
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Risk after late 
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Intervention

 
Figure 1.5 The risk of CVD in individuals with impaired fetal growth and the effect of treatment at 

different time points. Impairment of fetal growth increases risk of disease from childhood onwards 

which is somewhat reduced by late life intervention when the risk of disease is already high. Early 

life intervention on the other hand could allow lifelong reduction in risk.  Adapted from (Hanson & 

Gluckman, 2011). 

It has demonstrated above that poor fetal environment increases the risk of 

cardiovascular disease in later life. Animal models have demonstrated that intervention 

in mature rodents improves vascular function as does early life intervention, both acute 

and chronic (Figure 1.5). The possible mechanisms behind the long term effects of early 

age acute treatment with losartan and captropil have not been reported. Also it is not 

known if early age acute treatment with statins would improve vascular function in the 

PR model as chronic statin treatment does. This might be expected due to statins 

effectiveness in primary prevention as was discussed in 1.2. Also the mechanism of the 

statin effects in the PR model have not been extensively explored. 

1.4 Rationale and aims 

Maternal PR in rats has been shown to result in vascular dysfunction in the form of 

endothelial dysfunction and increased blood pressure in the offspring (Brawley et al., 
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2003). Although raised blood pressure has been reported in the PR offspring already at 

four weeks of age (Jackson et al., 2002) it is not known whether other aspects of 

vascular function are impaired in adolescent PR offspring. Endothelial dysfunction 

could be expected in the adolescent offspring as it has been observed in children and 

young adults with low birth weight in humans (Leeson, 2007;Martin et al., 2000) As 

early age acute treatment with renin-angiotensin system targeting drugs has been shown 

to reduce blood pressure short and long term in the PR model (Sherman & Langley-

Evans, 1998;Sherman & Langley-Evans, 2000) and chronic statin treatment has been 

shown to ameliorate the endothelial dysfunction in the adult PR offspring (Torrens et 

al., 2009b) early age acute statin treatment could also improve vascular function short 

and long term. Chronic statin treatment in the PR model does not alter cholesterol levels 

(Torrens et al., 2009b) and statins’ pleiotropic effects could have an important role in 

this model. 

It is hypothesised that early age acute statin treatment will provide immediate benefit 

for vascular function in a model of developmentally induced cardiovascular disease by 

altering endothelial and vascular smooth muscle signalling pathways. It is further 

hypothesised that this protective effect of the early age acute statin treatment is carried 

through to the mature offspring. 

The main objectives of the current study were: 

 to establish whether vascular function is impaired in the five week old 

maternally protein restricted offspring  

 determine whether acute early age statin treatment improves vascular function 

(i) immediately after treatment in the programmed adolescent offspring and (ii) 

long term in the mature programmed offspring.  

 to investigate the signalling pathways involved in statin-induced alterations in 

vascular function.
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Chapter 2 Methods 
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2.1 Animals 

All the animal procedures were carried out in accordance with the British Home Office 

Animals (Scientific Procedures) Act 1986 and approved by local ethics committee. 

2.1.1 Pregnancy and lactation 

The animals were maintained at 22˚C with 12:12 h light-dark cycle throughout the 

study. Animals were acquired from Harlan.  Virgin female Wistar rats were mated with 

proven stud males. Pregnancies were confirmed by the presence of vaginal plug on the 

cage floor, which was checked for daily during mating, and this was taken as day 0 of 

pregnancy. On confirmation of pregnancy, females were housed individually and 

randomly assigned to either a control diet of 18 % protein (from casein, n=7) or a 

protein restricted diet of 9 % protein (from casein, n=6). The details of the diet 

compositions can be found in Appendix 1. Food intake in both groups was recorded 

throughout the pregnancy. Dams were weighed at the confirmation of pregnancy and 

again at day 20 of pregnancy. At term (22 days) dams were allowed to deliver naturally 

and were returned to standard laboratory chow after delivery was confirmed. To avoid 

maternal rejection pups were sexed and weighed and the litter sizes standardised 

minimum of 24 hours postpartum. To ensure comparable nutrition during lactation, 

litters were standardised to 8 with equal numbers of both sexes where possible. 

2.1.2 Offspring 

At three weeks of age, pups were weaned onto standard chow and male and female 

offspring separated. Half of the male and female pups from each maternal group 

received atorvastatin (10 mg/kg) dissolved in carboxymethylcellulose in their drinking 

water for 2 weeks. This gave four experimental groups for both males and females: C 

(18% diet, no statin, n=13/11), CS (18% diet, statin, n=13), PR (9% diet, no statin, 

n=11/10) and PRS (9% diet, statin, n=11/12). Atorvastatin was chosen as it is one of the 

most effective statins (Chong et al., 2001;Law et al., 2003) and has been shown to 

provide benefit in this model previously (Torrens et al., 2009b).  The offspring were 

weighed at weaning and weekly thereafter. Cardiovascular function was assessed by 

measuring blood pressure and vascular reactivity by wire myography at five and sixteen 

weeks. A schematic of the model can be seen in Figure 2.1. 
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Figure 2.1 A schematic of the study design. C, control; CS, control with statin; PR, protein 

restricted, PRS; protein restricted with statin. 

2.1.3 Post mortem 

Prior to vascular reactivity experiments the animals were euthanised with CO2 and 

cervical dislocation. Blood samples were taken, of which plasma was separated and 

snap frozen in liquid nitrogen. Liver, right kidney, heart and lungs were harvested, 

weighed and snap frozen. The thoracic aorta (five and sixteen week old offspring) and 

mesentery (sixteen week old offspring) were removed and placed in cold (4° C) 

physiological salt solution (PSS, composition in 2.7). Sections of aorta and mesenteric 

arteries were dissected out of connective tissue, some for myography and other were 

snap frozen for later molecular analysis. 

2.2 Non-invasive tail-cuff plethysmography 

Blood pressure assessment was carried out at five (n=4-5 in each group of males and 

females) and sixteen (n=4-6 in each group of males and females) weeks using non-

invasive tail-cuff plethysmography (Columbus Instruments, USA). Two cuffs were 

placed around the tail to obtain readings: an occlusion cuff at the base of the tail and the 

sensory cuff next to it. Both of the cuffs were pressurised during the experiment. The 

sensory cuff detects the blood flow as the pressure asserted against it whereas the 

occlusion cuff inflates and deflates to induce changes in the blood flow. The blood 

pressure is determined based on the changes in the pressure detected by the sensory 

cuff. 
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The pressure exerted by the occlusion cuff and the pressure detected by the sensory cuff 

are both presented in trace form as demonstrated in Figure 2.2. Briefly after starting 

each measurement the occlusion cuff inflates to a preset level blocking the blood flow 

reflected by a flat sensory trace. After reaching the maximum pressure the occlusion 

cuff starts to deflate and the systolic blood pressure (SBP) can be detected when 

occlusion cuff pressure drops below this as the sensory trace starts to increase. The 

stabilisation of the sensory trace indicates diastolic blood pressure (DBP). Heart rate is 

indicated by the sensory trace during normal blood flow periods. 

 
Figure 2.2 Blood pressure trace. The trace above indicates occlusion cuff pressure and the trace 

below shows the pressure detected by the sensory cuff. 

The occlusion cuff pressure was set at 200 mmHg and the sensory cuff pressure was set 

at 60 mmHg to start with and altered when needed. The room was heated to at least 26º 

C and heat lamp was used to warm the animal in the restrainers if required to allow 

sufficient blood flow for the measurements from the tail. The animals were placed in the 

warmed room to acclimatise at least half an hour before the experiments. The animals 

were restrained in a tube during the measurements. This was to prevent the animal from 

removing the cuffs from the tail and limiting movement as this can cause anomalies in 

the trace. Five sets of measurements (SBP, DBP, MAP and HR for each set) of similar 
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SBP range were taken of which the sets with highest and lowest SBP readings were 

discarded. 

2.3 Myography 

Aortic reactivity at five (n=3-5 in each group of males and females) and sixteen (n=5-6 

in each group of males and females) weeks and mesenteric artery reactivity at 16 weeks 

were tested using a myograph. The reactivity of the mesenteric arteries at 5 weeks was 

not tested as the success rate was estimated to be very low in the current study. 

A myograph has two jaws, one of which is movable to adjust the distance between the 

two jaws and the other one connected to a force transducer that can detect changes in 

force. A segment of a vessel is mounted on two wires (diameter 40 μM each)  connected 

to the jaws. The transducer detects contraction in the mounted artery as increased 

tension and relaxation as decreased tension. The jaw set up is presented in Figure 2.3. 

2 mm
Vessel 

segment

Force 

transducer

Micrometer 

screw

2 mm
Vessel 

segment

Force 

transducer

Micrometer 

screw

 

Figure 2.3 A schematic of the myograph jaws. 

2.3.1 Thoracic aorta 

The myograph was calibrated daily after which the aorta segments were mounted and 

stretched. The aorta was dissected clean of connective tissue and mounted on two pins, 

bathed in PSS heated to 37° C and gassed continuously with 95% O2 and 5% CO2. 

Before commencing experiments, the aortic segments were placed under a resting 

tension of 1 g. The segments were left to rest before the functionality was tested  by 
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confirming constrictor response to 125 mM KPSS (PSS with equimolar substitution of 

KCl for NaCl, composition in 2.7). 

2.3.2 Mesenteric arteries 

Mesenteric arteries dissected free of connective tissue were mounted on two wires and 

bathed in the same conditions as the aortae. For normalisation of the mesenteric arteries 

internal circumference under transmural pressure of 100 mmHg (IC 100) was determined 

by stepwise increases in tension until the transmural pressure exceeded 100 mmHg 

(13.3 kPa). This allowed the calculation of IC100 and the internal circumference was 

then set to 90% of the IC100 (Mulvany & Halpern, 1977). The arteries were left to rest 

before functionality was tested. The functionality of SMC was confirmed by 

administering KPSS (125 mM) twice, noradrenalin (10 µM) once and KPSS with 

noradrenalin once. The arteries were deemed functional if the pressure equal to or 

greater than 13.3 kPa, which corresponds to 100 mmHg (the blood pressure in the 

mesenteric arteries in vivo), was achieved in response to the constrictors. 

2.3.3 Assessment of vasoreactivity 

Workflow diagrams for vascular reactivity studies can be seen in Appendix 2. 

2.3.3.1 Assessment of vasoconstriction 

Cumulative concentration-response curves were constructed to the α1-adrenoceptor 

agonist phenylephrine (PE) and in the mesenteric arteries also to endothelin (ET).  

Examples of constriction trace and graph generated from the data can be seen in Figure 

2.4. 
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Figure 2.4 Representatives of the constriction curves in aorta. (a) Cumulative constriction response 

to phenylephrine in an arterial segment. (b) Sigmoidal dose response curve to phenylephrine for 

one of the experimental groups combined from the results for each animal in the group.  

2.3.3.2 Assessment of vasodilatation 

Prior to any relaxation the segments were pre-constricted with PE concentration 

required to produce 80% of the maximal constrictor response (EC80). Acetylcholine 

(ACh) was used to assess endothelium-dependent relaxation. ACh leads to release of 

nitric oxide (NO) in both arterial beds tested and also other vasodilators in the 

mesenteric arteries. In the aorta ACh relaxation was also assessed in the presence of an 

eNOS inhibitor L-NAME to determine the NO component in the ACh induced 

relaxation. 100 μM L-NAME was used to fully block the relaxation and confirm the 

ACh induced relaxation was fully eNOS dependent. Submaximal dose of 100 nM L-

NAME was used to assess possible differences in eNOS levels and NO sensitivity. In 

the mesenteric arteries ACh relaxation was also tested in presence of L-NAME, 
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indomethacin (INDO), a COX inhibitor, and 25 mM KPSS, to prevent EDHF response. 

Endothelium-independent relaxation was tested with sodium nitroprusside (SNP). SNP 

is a NO donor and thus allows assessment of relaxation independently of the 

endothelium. Examples of relaxation trace and graph generated from the data can be 

seen in Figure 2.5. 
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Figure 2.5 Representatives of the relaxation curves.  (a) Sigmoidal dose response curve to 

acetylcholine combined of the data for each animal of one of the experimental groups. (b) 

Cumulative relaxation response to acetylcholine in an arterial segment. 

2.4 mRNA levels in the liver and mesenteric arteries 

The mRNA levels of RhoA, ROCK 1, ROCK 2, eNOS and HMG-CoA reductase were 

examined to assess gene expression in the liver and mesenteric arteries (see Table 2.1.) 
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HMG-CoA 

reductase 

Forward primer GCAGAGAAAGG-TGCGAAGTT 

Reverse primer CGTCTCCATGAG-GGTTTCCA 

Probe TCAATGCTAAGCACATCCCAGCCTACAAA 

RhoA Forward primer TGAAGCAGGAGCCGGTAAAA 

Reverse primer CCCAAAAGCGCCAATCC  

Probe AGAAGGCAGAGATATGGCAA 

ROCK1 Forward primer TAGCCGACTTTGGTACTTGTATGAA   

Reverse primer CACCGCCTTGTGATTTTAATACTTC 

Probe ATGAATAAGGAAGGTATGGTACG 

ROCK2 Forward primer GCTGCTGACTGAGCGAACAC  

Reverse primer TACCACGCTTGACAGGTTCTTTT 

Probe CAAGACTCAAGCTGTGAATA 

β-actin Forward primer CGTGAAAAGATGACCCAGATCA 

Reverse primer CACAGCCTGGATGGCTACGT 

Probe TTTGAGACCTTCAACACCCCAGCCAT 
Table 2.1 Primer and probe sequencies for the real time PCR 

2.4.1 Phenol-chloroform RNA extraction 

RNA extraction from tissues was carried out using phenol-chloroform extraction 

technique. This relies in the use of different chemicals and centrifugations allowing the 

separation of RNA, DNA and protein into different layers. 

Liver and sections of mesenteric arteries were mechanically homogenised in Trizol and 

incubated in room temperature for 5 minutes after which it was centrifuged to remove 

debris. Supernatant was taken up and chloroform added before another centrifugation 

step allowing the formation of three phases: a lower organic phase with DNA and 

protein, interphase and a top organic phase with RNA. The RNA phase was taken up 

and isopropanol was added. The samples were incubated at -20° C overnight for RNA 

precipitation. The samples were then centrifuged to allow RNA pellet formation. 

Supernatant was removed and the pellet was washed with ethanol and centrifuged. The 

ethanol was removed and the pellet left to air dry. The pellet was then dissolved in 

RNAse free water and stored in -80˚ C. 

2.4.2 Reverse transcription 

The extracted RNA was reverse transcribed into DNA with the help of viral reverse 

transcriptase. The samples were heated in the presence of random primers to allow the 

secondary structure of the RNA to melt and thus leave the template accessible for the 
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primers and reverse transcription reagents. M-MLV reverse transcriptase, dNTPs and 

RNAse inhibitors were added after this. The sample was heated to allow the annealing 

of the primers and then the temperature was increased further to allow the elongation of 

cDNA. The cDNA was stored at -20˚ C. 

2.4.3 Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (rtPCR) is a method used to determine 

relative levels of DNA. The method is based on the amplification of the DNA with 

measurement of the product accumulation over time. 

With this method the amount of double stranded DNA is measured at the end of each 

replication cycle. This is done by using TaqMan double dye system. In this system 

forward and reverse primers, as well as double labelled probe, are required for each 

gene of interest. The probe is labelled with fluorescent dye FAM and quencher dye 

TAMRA. When TAMRA is attached to the probe it inhibits the fluorescence of FAM 

but when elongation occurs across the probe, TAMRA is released and FAM fluoresces 

thus allowing the detection of double stranded DNA. The amount of double stranded 

DNA and thus fluorescence increases exponentially from cycle to cycle. For each plate 

a threshold is set where the sample amplification is exponential, above baseline but 

before the amplification starts to plateau. Threshold cycle (Ct) for each sample is 

identified as the point when the fluorescence from that sample crosses the threshold. A 

standard curve is constructed on each plate with samples of known relative amounts of 

cDNA. These relative values of the standards are plotted against their Ct values creating 

a standard curve which is used for relative quantification of the unknown samples. 

Primers and probes were designed using Primer Express 3.0 program. The mRNA 

sequences were obtained from NCBI nucleotide database and a BLAST search was then 

performed to identify exon locations. The nucleotide sequences and exon junctions were 

fed to Primer Express and this then identified several primer pairs and probes of which 

one set was chosen. One of the primers or the probe ran across an exon junction to 

prevent amplification of genomic DNA. These sequencies were run through BLAST to 

confirm their specificity to the gene of interest.  
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Each sample for each gene was run in duplicate. For each well forward and reverse 

primers were added with the probe. Universal mix containing required reagents for the 

synthesis was also added. The reactions were run on Applied Biosystems ABI 7500 

thermal cycler and the fluorescence was measured at the end of each cycle. Example of 

fluorescence curves can be seen in Figure 2.6. 

 

Figure 2.6 Quantitative real-time PCR curves for standards of known relative concentration 

To allow for differences in the amount of starting material the results were expressed 

against a control gene. β-actin was chosen as a stable housekeeping gene after geNorm 

and Normfinder analysis.  

2.4.4 Identification of stable housekeeping gene 

To identify stable housekeeping gene (HKG) for relative quantification geNorm and 

NormFinder analyses were performed. rtPCR reaction was run on 11 commonly used 

HKGs. Primers were added to the reaction mix with detection agent SYBR green. 

SYBR green binds to double stranded DNA and fluoresces green thus allowing 

detection of amplification of the area of interest. The expression values for each gene 

were transformed using delta Ct method so that the expression in each sample was 

relative to the least expressed sample. The geNorm analysis is based on several rounds 

of pairwise comparisons with the elimination of the least stable gene at the end of each 

round until two genes are left (Andersen et al., 2004). NormFinder is a model based tool 

that uses algorithms to calculate both intergroup and intragroup variation to determine 
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HKG stability (Vandesompele et al., 2002). The results for the analyses from both 

programmes can be found in Appendix 4. 

2.5 Analysis of protein expression 

2.5.1 Protein extraction and subcellular fractination 

Protein extraction is based on mechanical homogenisation of the tissue in extraction 

buffer to release proteins from the cells. Detergents are used to help break down the 

cellular structures and to allow the release of proteins from their subcellular 

compartments such as nucleus and membranes. Use of different buffers and 

centrifugation steps during the extraction procedure allows the separation of the proteins 

based on their subcellular location. Workflow diagram for subcellular fractination can 

be seen in Appendix 3. 

The aortae were pooled for each experimental group due to the small amount of tissue. 

The combined samples were crushed in liquid nitrogen and then lysed in isotonic buffer. 

After this they were passed through a needle to mechanically disrupt the tissue but 

maintaining the subcellular structures. Part of the lysate was taken up as a whole cell 

fraction and detergent added to break the subcellular compartments. The whole cell 

lysate was then centrifuged at 10000 G after incubation on ice, to remove debris. The 

remaining lysate was centrifuged at 180000 G for 1 hour. This allowed the collection of 

cellular membranes, and thus proteins bound to the membrane, as pellet at the bottom of 

the tube. The supernatant was taken up as the cytosolic fraction and this was centrifuged 

through a concentrator column. The pellet was resuspended in buffer with a strong 

detergent (0.01% SDS) and passed through a needle to help the mechanical breakdown 

of the cellular structures. 

2.5.2 Bradford analysis 

After extraction protein in each sample was quantified. This was done using the 

Bradford method. Bradford reagent was added to each sample and BSA standard with 

known BSA concentrations. Each sample and standard was done in duplicate. The plate 

was then read at 600 nm. The BSA standards were used to generate a standard curve 

against which the samples were then quantified. 
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2.5.3 Western blotting 

Western blotting is a technique that allows the detection and quantification of extracted 

proteins. First, sodium dodecyl sufate poly agrylamide gel electrophoresis (SDS-PAGE) 

was performed to separate proteins based on their size. The protein samples were 

prepared with Laemmli buffer and DTT reducer and then heated at 70° C for ten 

minutes to denature the proteins. The samples were loaded onto a polyacrylamide gel 

and the separation was carried out in running buffer within an electric current allowing 

protein separation vertically based on their molecular weight. After the separation of the 

proteins they were transferred horizontally onto a PVDF membrane again within an 

electric current. 

After the transfer the membrane was prepared for protein detection. First the membrane 

was blocked with 5 % BSA to prevent unspecific binding of antibodies used for protein 

detection. The membrane was then probed with an antibody against the protein of 

interest. If the primary antibody was not HRP-conjugated, which was used for 

visualisation, incubation with a secondary HRP-conjugated antibody was performed.. 

After this incubation the membrane was prepared for imaging by exciting the HRP to 

produce a chemiluminescent signal. This was visualised with BioRad VersaDoc. 

The separation of cytosolic and membrane fractions was confirmed by probing against a 

plasma membrane marker protein alpha 1 sodium potassium ATPase and β-actin was 

used as a loading control. 

2.5.4 Quantification 

The protein quantification was carried out using ImageJ programme which allowed the 

measurement of signal intensity of each band. To control against the amount of sample 

loaded into a well the samples were expressed against β-actin. Whole cell extracts were 

compared against each other. Cytosolic and membrane fractions for each sample group 

were run on the same gel and the protein was quantified as amount of protein in 

membrane fraction against protein in cytosolic fraction and these were then compared. 
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2.6 Statistics 

Results are expressed as mean ± SEM unless otherwise stated. Significance was 

accepted at p 0.05. Statistical calculations were performed using Prism 6.0, GraphPAD 

software Inc., San Diego, CA, U.S.A or IBM SPSS Statistics 19, SPSS Inc., Armonk, 

NY, USA. As sample sizes were small, normality could not be tested and parametric 

tests were used to ensure higher power in testing. 

2.6.1 Maternal data and offspring data before statin treatment 

The differences in weight before and after pregnancy in the two dam groups were 

assessed with two-way repeated measure ANOVA to account for the two time points at 

which the measurements were taken. Differences in food intake between the two 

maternal groups and litter data at birth were assessed using Student’s t-test. 

2.6.2 Blood pressure 

Set of five readings (each including SBP, DBP, MAP and HR) with similar SBP were 

obtained of which sets with highest and lowest SBP were discarded. Means were 

calculated for each animal from the remaining three sets of readings. In cases where 

more than one offspring from the same litter were included in the same group, the 

readings were meaned and the results treated as n=1. Differences between the groups 

were assessed using two-way ANOVA with Tukey’s post hoc correction as all the 

groups were compared to each other (six comparisons). Raw p-values reported with a 

comment on the results of the post hoc test. 

2.6.3 Weekly and post mortem weights 

For weekly weights on occasions where more than one offspring from the same litter 

were included in the same group, the readings were meaned and the results treated as 

n=1. The differences in weight gain from 3 to 16 weeks between the groups were 

assessed with three factor repeated measures ANOVA. The differences in post mortem 

body and organ weights were assessed using a two-way ANOVA with Tukey’s post hoc 

correction as all the groups were compared to each other (six comparisons). Raw p-

values reported with a comment on the results of the post hoc test. 
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2.6.4 Vascular reactivity 

Two arterial segments were mounted from each animal where possible and data from 

these were meaned and treated as n=1 when response tested in both segments (see 

1Appendix 2). The differences in mesenteric artery diameter were assessed with two-

way ANOVA. Constrictor responses were measured as change in tension and relaxant 

responses as % reversal of PE-induced constriction. Cumulative concentration response 

curves to agonists were analysed by fitting to a four-parameter logistic equation using 

non-linear regression to obtain the pEC50 (effective concentration equal to 50% of 

maximum) and a maximal response, which were compared with two-way ANOVA with 

Tukey’s post hoc correction as all the groups were compared to each other (six 

comparisons). Raw p-values reported with a comment on the results of the post hoc test. 

2.6.5 rtPCR 

Each of the duplicates was quantified from the standard curve run on the same plate. 

These values were then meaned and these means were standardised against similarly 

treated β-actin data for each sample. These data were then analysed for differences 

between the groups with two-way ANOVA with Tukey’s post hoc correction as all the 

groups were compared to each other (six comparisons). Raw p-values reported with a 

comment on the results of the post hoc test. 

2.6.6 Protein expression 

No statistical analysis was performed as only one value was obtained per group due to 

pooling of samples. 

2.7 Compositions, drugs and chemicals 

Animals 

Atorvastatin – Pfizer Ltd., Tadworth, Surrey, UK 

Carboxymethylcellulose – Sigma-Aldrich, Gillingham, UK 

Composition of statin drinking solution 

carboxymethylcellulose  5 g/l  
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atorvastatin    100 mg/l 

 

Vascular reactivity 

Acetylcholine chloride, CaCl2, endothelin, ethylenediaminetetraacetic acid, glucose, 

indomethacin, KCl, KH2PO4, MgSO4, NaCl, NaHCO3, Nω-nitro-L-arginine methyl 

ester, phenylephrine, sodium nitroprusside – Sigma-Aldrich, Gillingham, UK 

Compositions for PSS and KPSS. 

 PSS (mM) KPSS (mM) 

NaCl 119.00 - 
KCl 4.70 124.00 

MgSO4 1.17 1.17 

NaHCO3 25.00 25.00 

KH2PO4 1.18 1.18 

D-glucose 5.50 5.50 

EDTA 0.027 0.027 

CaCl2 2.50 2.50 

 

Acetylcholine, L-NAME, sodium nitroprusside, phenylephrine and endothelin 10
-2

 M 

stocks were prepared in water. Indomethacin 10
-3

 stock solution was prepared in 

phosphate buffer. All stocks were kept in -20°C and required dilutions were prepared in 

PSS at the time of the experiments. 

mRNA quantification 

Trizol Reagent – Life Technologies, Paisley, UK 

Glycogen – Roche Diagnostics Ltd, Burgess Hill, UK 

Ethanol – Fisher Scientific, Loughborough, UK 

Chloroform, Propan-2-ol (iso-propyl alcohol) – VWR International Ltd, Lutterworth, 

UK 

Random primers (500 µg / ml), M-MLV 5X Reaction Buffer, M-MLV Reverse 

Transcriptase (200 U/µl), PCR Nucleotide Mix (10 mM), Recombinant RNAsin 

Ribonuclease Inhibitor (40 U / µl) – Promega, Southampton, UK 
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Precision Mastermix, low rox, geNorm SYBR green kit (sequences not known), 

Precision Mastermix premixed with SYBR green – PrimerDesign, Southampton, UK 

Primers and probes – Eurogentec, Seraing, Belgium 

All primers were provided in 100 μM solution and were kept in -20°C. 10 μM substocks 

were generated by diluting in ultrapure water when needed. Probes were provided dry 

and diluted to 100 μM stock concentration with water according to manufacturer’s 

instructions. Substocks of 5 μM were diluted with ultrapure water when needed. 

Reverse transcription reaction 

 Volume (μl) 

per reaction 

Random primers 0.8 

Water 12.2 

RNA 2 

  

Rt buffer 5 

dNTPs 1.25 

RNAsin 0.625 

M-MLV transcriptase 1 

Water 2.125 

 

Real time PCR reaction 

 Volume (μl) 

per sample 

Probe (5 μM) 2 
Forward primer (10 μM) 2 

Reverse primer (10 μM) 2 

Mastermix 33 

H2O 24 

cDNA 3 

2*30 μl reactions for each sample 

Protein expression 

Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid, DL-Dithiothreitol 

solution, Glycerol, Methanol, KCl, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid), MgCl2, 

ethylenediaminetetraacetic acid, PBS tablets, BSA, mouse monoclonal anti-β-

actin−peroxidase antibody – Sigma-Aldrich, Gillingham, UK 
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Protease Inhibitor cocktail tablets – Roche Diagnostics Ltd, Burgess Hill, UK 

Sucrose – Acros Organics (Fisher Scientific, Loughborough, UK) 

Sodium dodecyl sulphate – VWR International Ltd, Lutterworth, UK 

Bradford Ultra – Expedeon, Harston, UK 

Tween 20 – Fisher Scientific, Loughborough, UK 

4-15 % pre-cast gels, Laemmli buffer, TGS buffer (10X), TG buffer (10X) – BioRad, 

Hemel Hempstead, UK 

Rabbit polyclonal anti-RhoA, mouse monoclonal anti-alpha 1  Sodium Potassium 

ATPase antibody, goat polyclonal secondary antibody to rabbit IgG (HRP) – abcam, 

Cambridge, UK 

Antibodies were kept as undiluted aliquots at -20°C and diluted to required 

concentration in 5 % BSA at the time of use 

 

Hypotonic buffer for protein extraction 

 50 ml solution in H2O Final concentration (mM) 

Sucrose 4.28 g 250 
HEPES (1M) 1 ml 

0.0373 g 

20 

KCl 0.0373 g 10 

MgCl2 (1M) 75 μl 1.5 

EDTA (0.5M) 100 μl 1 

EGTA (0.5M) 100 μl 1 

Detergent buffer made with 10 % glycerol and 0.01% SDS in the above. 

1 mM DTT and protease inhibitors added to both at the time of use. 

Stock solutions (1 M: HEPES, MgCl2 ; 0.5 M: EDTA, EGTA) were made in 10 ml of 

H2O and kept in 4°C. 

Protease inhibitor tablets dissolved in H2O to make a 25 X stock solution. 

Running buffer and transfer buffer were prepared fresh for each run. PBS 0.1% Tween 

was prepared fresh every week and kept in 4°C. Blocker was prepared fresh daily. 

Running buffer 

TGS buffer (10X)  70ml 

H2O     630ml. 

Transfer buffer 

TG buffer (10X)   100ml 

Methanol*    200ml 

H2O     700m 

 



  Chapter 2 

 47  

 

PBS 0.1 % Tween 

H2O     1l 

PBS tablets    10 

Tween    1ml 

5 % BSA Blocker 

PBS Tween   10ml 

BSA     0.5
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Chapter 3 Pregnancy and cardiovascular function in 

the adolescent offspring 
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3.1 Introduction 

Poor fetal growth is associated with increased risk of CVD in adult life (Barker et al., 

1989a;Eriksson et al., 2001;Huxley et al., 2007;Leon et al., 1998) and impairment in 

vascular function can be seen already in young adults and children with low birth 

weight (Leeson et al., 2001;Martin et al., 2000). Similarly maternal protein restriction 

(PR) in rats has been shown to induce endothelial dysfunction and high BP in the 

offspring (Brawley et al., 2003;Langley-Evans & Jackson, 1995;Torrens et al., 2009b) 

and the increase in BP has been shown already at four weeks (Jackson et al., 

2002;Sherman & Langley-Evans, 1998). Short term early age treatment, from two to 

four weeks, with losartan and captropil can reduce BP in the PR model immediately 

after the treatment (Sherman & Langley-Evans, 1998;Sherman & Langley-Evans, 

2000). 

Statins are effective in secondary and primary prevention of CVD in humans (Law et 

al., 2003;McKinney & Kostis, 2012;Ridker et al., 2008b) and chronic statin treatment 

in the maternal PR model has been shown to ameliorate the endothelial dysfunction 

present in the adult offspring (Torrens et al., 2009b). Statins have also been 

demonstrated to exert their effects on vascular function and properties rapidly in both 

animal models and humans (Kassan et al., 2009;Pignatelli et al., 2012;Wassmann et al., 

2003). 

Although increase in blood pressure has been shown in the PR model early on it is not 

documented whether changes in other vascular parameters can be seen as early. Thus 

the aim of this part of the study was to investigate if endothelial dysfunction could be 

observed in 5 week old PR offspring. Considering that statins can exert some of their 

effects rapidly and that short term early age treatment with other drugs have been shown 

to have immediate benefits on vascular function this part of the study also aimed to 

identify if statins would alter vascular function immediately after early age, short term 

treatment in control and PR offspring. It was hypothesised that vascular function would 

be impaired in young PR offspring and that this would be improved by short term statin 

treatment. 
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3.2 Methods 

3.2.1 The model 

The model was set up as described in chapter 2. Briefly, on confirmation of pregnancy 

female Wistar rats were fed either PR or control diet. Food intake and the dams’ weight 

gain were recorded. From delivery onwards the animals were fed standard chow. Litters 

were standardised to eight and weighed 1-2 days post partum. At 3 weeks litters were 

weaned and half of the offspring received atorvastatin (10 mg/kg) in their drinking 

water giving four experimental groups; control (C), control with statin (CS), protein 

restricted (PR) and protein restricted with statin (PRS). The average weight of the male 

offspring at post mortem was 136 g and females 119 g. 

3.2.2 Blood pressure 

Blood pressure of the 34-37 day old animals was measured using tail cuff 

plethysmography as described in Chapter 2. Systolic blood pressure (SBP), diastolic 

blood pressure (DBP), mean arterial pressure (MAP) and heart rate (HR) measurements 

were obtained. The occlusion cuff pressure was set at 200-235 mmHg and the sensory 

cuff pressure at 50-80 mmHg. 

3.2.3 Post mortem 

Animals were euthanised with CO2 and cervical dislocation at 37-43 days. Liver, right 

kidney, heart and lungs were dissected, weighed and snap frozen. The aortae were 

collected and placed into cold PSS (4°C) for vascular reactivity experiments. Segments 

of aortae were also snap frozen after they were dissected out from fat and connective 

tissue. 

3.2.4 Aortic reactivity 

Aortic reactivity was investigated with myography, as described previously Chapter 2. 

Aortae were dissected clean of surrounding connective tissue and fat, cut into 2 mm 

long segments and mounted on a myograph under a resting tension of 1 g. Functionality 

was tested with KPSS. Cumulative concentration response curves were constructed to 
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the α1-adrenoceptor agonist PE (100 pM – 10 µM). Following pre-constriction to EC80 

dose of PE, cumulative concentration-response curves were constructed to the 

endothelium-dependent vasodilator ACh (100 pM – 10 µM). To test the contribution on 

NO to ACh-induced dilatation, responses to ACh were repeated in the presence of two 

different concentrations of the eNOS inhibitor L-NAME (100 nM and 100 µM). 

Endothelium independent relaxation to the NO donor SNP (100 pM – 10 µM) was also 

assessed after pre-constriction with a submaximal dose of PE. Workflow diagram can 

be found in Appendix 2. 

3.2.5 Statistics 

The results were analysed with Student’s t-test or two-way ANOVA, repeated measures 

when appropriate, as indicated in Chapter 2. All results are presented as mean ± SEM 

and significance was accepted at p 0.05. 

3.3 Results 

3.3.1 Maternal weight gain and food intake during pregnancy 

There were no differences in weight between the two groups of rat dams at the start of 

the pregnancy (p>0.05). A significant weight gain was observed during pregnancy in 

both groups (p<0.0001) which did not differ between the groups (p>0,05; Table 3.1). 

Food intake was increased in the PR dams during the whole of the pregnancy (total food 

intake: C 398.3±19.4 g, n=7; PR 464.9±21.6 g, n=6; p<0.05; Figure 3.1). When food 

intake was assessed in terms of calorie content no significant difference was observed 

(C 1517.9±73.9 kcal, n=7; PR 1608.5±74.6, n=6; p>0.05).  
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Figure 3.1 Food intake throughout pregnancy. ○ Control dams (n=7) ● PR dams (n=6) 

3.3.2 Litter sizes and weight at birth 

There were no differences in the litter sizes between the two maternal groups (p>0.05) 

nor in weights at birth either (p>0.05; Table 3.1). 

  C (n = 7) PR (n = 6) 

Weight at the start 
of pregnancy (g) 

238.1 ± 5.4 235.7 ± 4.2 

Weight at the end of 
pregnancy (g) 

341.1 ± 6.2 338.0 ± 7.5 

Number of pups 9.7 ± 1.0 10.0 ± 1.3 

Male pup birth weight 
(g) 

7.60 ± 0.16 7.74 ± 0.40 

Female pup birth 
weight (g) 

7.41 ± 0.19 7.46 ± 0.34 

Table 3.1 Dam and litter characteristics 

3.3.3 Post mortem weights 

There were no differences in body weights between groups in males or females at the 

time of euthanisation (p>0.05 for all factors). No differences were seen in weights of 

liver, heart, right kidney and lungs between groups in males or females and this was 

true whether expressed as absolute values in grams or as percentage of body weight 

(p>0.05; Table 3.2). 
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Males  C (n=5) CS (n=5) PR (n=4) PRS (n=4) 

Body weight (g) 140.2 ± 6.0 129.8 ± 8.3 144.3 ± 8.8 128.1 ± 10.9 

Liver weight (g) 7.11 ± 0.43 6.26 ± 0.56 7.66 ± 0.46 6.52 ± 0.69 

 % of body weight 5.06 ± 0.16 4.80 ± 0.15 5.31 ± 0.05 5.08 ± 0.23 

Kidney weight (g) 0.57 ± 0.03 0.57 ± 0.04 0.59 ± 0.02 0.54 ± 0.02 

 % of body weight 0.41 ± 0.01 0.44 ± 0.01 0.41 ± 0.03 0.43 ± 0.02 

Heart weight (g) 0.65 ± 0.04 0.65 ± 0.07 0.67 ± 0.02 0.60 ± 0.01 

 % of body weight 0.46 ± 0.01 0.50 ± 0.03 0.47 ± 0.03 0.48 ± 0.04 

Lungs weight (g) 1.20 ± 0.04 1.17 ± 0.02 1.24 ± 0.08 1.01 ± 0.09 

 % of body weight 0.86 ± 0.06 0.91 ± 0.05 0.86 ± 0.05 0.79 ± 0.03 

Females  C (n=4) CS (n=5) PR (n=4) PRS (n=4) 

Body weight (g) 122.9 ± 6.6 117.8 ± 6.3 117.2 ± 1.6 117.5 ± 6.3 

Liver weight (g) 6.14 ± 0.41 5.81 ± 0.31 5.64 ± 0.13 5.92 ± 0.33 

% of body weight 4.99 ± 0.16 4.94 ± 0.18 4.82 ± 0.16 5.04 ± 0.1 

Kidney weight (g) 0.56 ± 0.02 0.53 ± 0.03 0.52 ± 0.03 0.53 ± 0.03 

% of body weight 0.46 ± 0.02 0.45 ± 0.01 0.44 ± 0.02 0.45 ± 0.03 

Heart weight (g) 0.58 ± 0.06 0.54 ± 0.03 0.66 ± 0.13 0.58 ± 0.05 

% of body weight 0.47 ± 0.04 0.46 ± 0.03 0.56 ± 0.11 0.49 ± 0.05 

Lungs weight (g) 1.12 ± 0.13 1.07 ± 0.08 1.00 ± 0.08 1.08 ± 0.11 

% of body weight 0.90 ± 0.06 0.91 ± 0.07 0.86 ± 0.08 0.91 ± 0.06 

Table 3.2 Post mortem body and organ weights. 

3.3.4 Blood pressure 

No differences were seen in SBP or DBP in males or females as assessed by two-way 

ANOVA (p>0.05 for all factors; Figure 3.2). No differences were seen in MAP or HR 

either (p>0.05 for all factors; Table 3.3). 
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Figure 3.2 Systolic blood pressure (SBP) and diastolic blood pressure (DBP) of 5 week old male (a 

and b; n= 5 for C and CS; n=4 for PR and PRS) and female (c and d; n=4 for each group) 

offspring. □ Non treated offspring, ■ statin treated offspring 

 

Males C (n=5) CS (n=5)  PR (n=4) PRS (n=4)  

SBP (mmHg) 132±12 111±8 125±15 120±5 

DBP (mmHg) 95±11 76±9 92±12 86±8 

MAP (mmHg) 107±12 87±8 103±13 98±7 

HR (bpm) 487±7 480±17 482±15 465±21 

Females C (n=4) CS (n=4)  PR (n=4) PRS (n=4)  

SBP (mmHg) 117±14 121±12 127±11 125±12 

DBP (mmHg) 83±13 86±10 93±11 86±10 

MAP (mmHg) 94±13 98±11 104±11 99±11 

HR (bpm) 471±11 483±8 463±12 489±12 

Table 3.3 Systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure 

(MAP) and heart rate (HR) readings in the male and female offspring. 
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3.3.5 Vasomotor responses 

3.3.5.1 Constrictor responses to phenylephrine 

Phenylephrine caused a concentration-dependent constriction in all studied arteries. 

Maximal constriction to phenylephrine was significantly reduced in the male statin 

treated offspring irrespective of maternal diet (g: C, 2.3±0.1, n=5; CS 1.7±0.2, n=5; PR 

1.9±0.1, n=4; PRS 1.6±0.2, n=4; p<0.01 for statin effect, significance maintained CS 

and PRS versus C following post hoc correction;  p>0.05 for maternal diet effect and 

interaction; Figure 3.3 a) though there was a trend (p<0.08) for reduced maximal 

constriction in the protein restricted offspring. Reduced sensitivity was observed in the 

PR offspring irrespective of the statin treatment (pEC50: C, 7.4±0.1, n=5; CS, 7.4±0.2, 

n=5; PR, 7.1±0.1, n=4; PRS, 7.1±0.2, n=4; p<0.05 for maternal diet effect, significance 

not maintained following post hoc correction; p>0.05 for statin effect and interaction). 

In female offspring maternal protein restriction lead to a decrease in maximal 

constriction irrespective of statin treatment (g: C, 2.1±0.2, n=4; CS, 2.2±0.2, n=5; PR, 

1.6±0.2, n=4; PRS, 1.6±0.2, n=4; p<0.01 for maternal diet effect, significance not 

maintained following post hoc correction; p>0.05 for statin effect and interaction; 

Figure 3.3 b). There were no significant differences in sensitivity though there was a 

trend (p<0.06) towards a reduced sensitivity in the PR offspring irrespective of statin 

treatment (pEC50: C, 7.7±0.3, n=4; CS, 7.7±0.2, n=5; PR, 7.3±0.2, n=4; PRS, 7.3±0.2, 

n=4; p>0.05 for all factors). 
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Figure 3.3 Phenylephrine (PE) induced constriction in the aorta of ○ C (n=5/4), ■ CS (n=5/5), ● PR 

(n=4/4) and ■ PRS (n=4/4) in male (a) and female (b) offspring. * p<0.05 maximal constriction 
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statin treated versus non-treated. # p<0.05 pEC50 PR groups versus C groups. ** p<0.01 maximal 

constriction PR offspring versus C offspring. 

3.3.5.2 Relaxation responses to acetylcholine 

Acetylcholine caused a concentration-dependent vasodilation in all the arteries. No 

differences were seen in maximal relaxation in the male offspring (% maximal 

response: C, 75.5±5.0, n=5; CS, 59.1±5.3, n=5; PR, 71.1±9.9, n=4; PRS, 82.4±8.3, n=4; 

p>0.05 for all factors; Figure 3.4 a). No differences were seen in sensitivity to ACh 

either (pEC50: C, 7.1±0.1, n=5; CS 7.3±0.2, n=5; PR 7.3±0.3, n=4; PRS 7.4±0.2, n=4; 

p>0.05 for all factors). 

No differences were seen in the maximal relaxation in the female offspring (% maximal 

response: C, 80.0±3.9, n=4; CS, 74.8±4.5, n=5; PR, 79.2±6.6, n=4; PRS, 86.1±8.7, n=4; 

p>0.05 for all factors; Figure 3.4 b). Maternal PR lead to increased sensitivity 

irrespective of statin treatment (pEC50: C, 7.1±0.1, n=4; CS, 7.1±0.1, n=5; PR 7.4±0.2, 

n=4; PRS 7.5±0.1, n=4; p<0.05 for maternal die, significance not maintained following 

post hoc correction t; p>0.05 for statin effect and interaction). 
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Figure 3.4 Acetylcholine (ACh) induced relaxation in the aorta of ○ C(n=5/4), ■ CS (n=5/5), ● PR 

(n=4/4) and ■ PRS (n=4/4) in male (a) and female (b) offspring. # p<0.05 pEC50 PR groups versus C 

groups. 

Relaxation response to ACh was completely abolished by 100 μM L-NAME in all male 

aortae (% response following addition of final dose: C, -11.1±11.1, n=4; CS, -28.9±2.5, 

n=3; PR -7.7±6.2, n=4; PRS -24.3±2.9, n=3). In the presence of 100 nM L-NAME full 

relaxation was observed in CS group and partial in all the other groups (% maximal 

response: C, 19.9±16.7, n=5; CS, 46.1±25.3, n=4; PR, 34.2±16.9, n=4; PRS, 14.7±7.2, 

n=3; p<0.05 as compared to maximal naïve ACh relaxation for C, PR and PRS; p>0.05 
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as compared to naïve ACh relaxation for CS; Figure 3.5). No differences were seen in 

maximal relaxation between groups in presence of 100 nM L-NAME (p>0.05 for all 

factors). 
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Figure 3.5 Acetylcholine (ACh) induced relaxation in the aorta of C (a; n=4-5), CS (b; n=3-5), PR  

(c; n=4) and PRS (d; n=3-4) male offspring; naïve ○, L-NAME 100 nM ■ and L-NAME 100 μM ■. 

* p<0.05 maximal relaxation naïve versus 100 nM L-NAME. 

Relaxation response to ACh was completely abolished by 100 µM L-NAME in the 

aortae form all the female offspring (% response following addition of final dose: C -

24.6±9.4, n=4; CS -18.4±8.7, n=4; PR -29.4±13.0; n=4; PRS, 7.3±19.5, n=3). In the 

presence of 100 nM L-NAME full relaxation was observed in the PRS group and partial 

in others (% maximal response: C, 36.1±7.4, n=4; CS, 48.1±7.8, n=5; PR, 36.3±3.9, 

n=4; PRS, 87.9±3.7, n=3; p<0.05 as compared to maximal naïve ACh relaxation for C, 

CS and PR ; p>0.05 as compared to naïve ACh relaxation for PRS; Figure 3.6). When 

the maximal ACh relaxation in the presence of 100 nM L-NAME was compared 

between the groups, interaction, maternal diet and statin treatment were indicated in 

having a significant effect (p<0.05 for interaction and maternal diet effect; p<0.01 for 

statin effect). When the maximal ACh relaxation in the presence of 100 nM L-NAME 



  Chapter 3 

 59  

was compared between the groups, interaction, maternal diet and statin treatment were 

indicated in having a significant effect (p<0.05 for interaction and maternal diet effect; 

p<0.01 for statin effect; significance not maintained following post hoc correction for 

any of the effects). 
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Figure 3.6 Acetylcholine (ACh) induced relaxation in the aorta of C (a; n=4), CS (b; n=4-5), PR  

(c; n=4) and PRS (d; n=3-4) female offspring; naïve ○, L-NAME 100 nM ■ and L-NAME 100 μM 

■. * p<0.05 maximal relaxation naïve versus 100 nM L-NAME. 

3.3.5.3 Relaxation responses to sodium nitroprusside 

The NO donor SNP produced a concentration-dependent relaxation in all the arteries. 

No differences were seen in maximal relaxation between the groups in the male 

offspring (% maximal response: C, 106.8±6.6, n=4; CS 102.5±3.4, n=4; PR, 104.±5.2, 

n=3; PRS 101.±5.3, n=3; p>0.05 for all factors; Figure 3.7 a). No differences were seen 

in sensitivity to SNP (pEC50: C, -8.9±0.1, n=4; CS -8.7±0.1, n=4; PR, -9.0±0.1, n=3; 

PRS, -8.6±0.1, n=3; p>0.05 for all factors).  

No differences were seen in maximal relaxation between groups in female offspring (% 

maximal relaxation: C, 101.6±3.9, n=2; CS, 106.3±3.8, n=3; PR, 107.9±6.0, n=3; PRS, 
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102.7±3.2, n=3; p>0.05 for all factors; Figure 3.7 b). Maternal diet effect and 

interaction was observed in sensitivity to SNP (pEC50: C, 9.1±0.1, n=2; CS 8.7±0.1, 

n=3; PR 8.4±0.1, n=3; PRS 8.9±0.1, n=3; p<0.05 for maternal diet effect; p<0.01 for 

interaction; p>0.05 for statin effect; significance maintained with reduced sensitivity in 

PR versus C and PRS groups following post hoc correction). 
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Figure 3.7 Sodium nitroprusside (SNP) induced relaxation in the aorta of ○ C, ■ CS, ● PR and ■ 

PRS in male (a) and female (b) offspring. # p<0.05 pEC50 PR offspring versus C offspring. 

3.4  Discussion 

Fetal environment has been shown to alter cardiovascular function and increase the risk 

of CVD in later life (Barker et al., 1989b;Leon et al., 1998) maternal protein restriction 

has been used to model this (Brawley et al., 2003;Torrens et al., 2009a). Early age, 

short term intervention with renin-angiotensin system targeting drugs has been shown to 

improve cardiovascular function in adolescent offspring of PR rat dams (Sherman & 

Langley-Evans, 1998;Sherman & Langley-Evans, 2000). The current study shows that 

short term statin treatment at an early age could have beneficial effects on vascular 

function immediately after the treatment. Maternal PR did not impair vascular function 

in the adolescent offspring in the current study. The data are summarised in Table 3.4. 

   5 week aorta 

    Males Females 

PE max 
PR ▼ ▼ 

S ▼   

PE EC50 
PR ▼ ▼ 

S     

ACh 
max 

PR    

S    
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ACh 
EC50 

PR    ▲ 

S     

SNP 
max 

PR     

S     

SNP 
EC50 

PR   ▼* 

S   

Table 3.4 Summary of aortic vasoreactivity results at five weeks. ▲ increased maximal constriction 

or sensitivity, ▼ reduced maximal constriction or sensitivity,  ▲ / ▼ p<0.05, ▼ p<0.1, * 

interaction; PR versus C 

There were differences in vasomotor function in both male and female statin-treated 

offspring. In the males reduced maximal constriction was observed in the statin treated 

offspring indicating possible beneficial effects of statins. Reduced constriction to 

several vasoconstrictors, including PE and ET, has been shown before in statin 

incubated rat mesenteric arteries (Ghaffari et al., 2011;Rossoni et al., 2011), in aorta 

and renal arteries of statin treated diabetic mice (Tian et al., 2011) and aortae of statin 

treated ApoE
-/-

 high fat fed mice (Maguire et al., 2006). All these studies showed the 

reduction to be NO dependent as NOS inhibition abolished the differences. Thus 

increased basal NO levels could be responsible for the reduced constriction as statins 

have been shown to increase NO bioavailability through several pathways (Feron et al., 

2001;Hernandez-Perera et al., 1998;Laufs & Liao, 1998;Ohkawara et al., 2010;Ota et 

al., 2010;Suh et al., 2010). Alterations in NO bioavailability would be expected to alter 

relaxation responses to ACh and in the current study there were no differences in naïve 

ACh relaxation between the groups. In contrast full relaxation was observed with 

submaximal dose of L-NAME in the CS in the male offspring, and also PRS groups in 

females, which could indicate statin induced increase in NO bioavailability. Though the 

current study did not measure PE constriction in the presence of L-NAME, 

preconstriction to EC80 PE was induced with and without L-NAME and these 

measurements did not show any differences between the groups, suggesting that 

increased NO levels were not responsible for the reduced constriction in this study. It is 

possible that the changes induced by statin in response to PE were not endothelium-

dependent but occurred in the SMC. Pitavastatin has been shown to reduce SMC 

constriction in vivo through RhoA pathway independent of the endothelium (Kuzuya et 

al., 2004). Such changes might be expected to have similar functional effects as an 

increase in NO bioavailability. 
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Maternal PR also had an effect on to PE induced constriction in both males and 

females: both maximal relaxation and sensitivity were reduced, though the former was a 

trend in males and the latter in females. These changes show that maternal PR can alter 

vascular function in the offspring at a young age though these changes were not as 

expected as earlier studies in mature animals indicate impaired vascular, especially 

endothelial, function (Brawley et al., 2003;Torrens et al., 2009b). As the changes 

induced by PR are mainly apparent in constriction alterations in SMC are indicated in 

this study. No changes were seen in blood pressure measurements between any of the 

groups and this in contrast to earlier studies that have shown an increase in PR offspring 

blood pressure at 4 weeks (Jackson et al., 2002;Sherman & Langley-Evans, 1998). This 

lack of increase in blood pressure in the PR offspring could be due to the measurement 

method as non-invasive plethysmography can be stressful for the animals and stress is 

known to alter blood pressure.  

In the female offspring maternal PR increased sensitivity to ACh and reduced SNP 

sensitivity though the latter only in the non-statin treated group. Reduced sensitivity to 

SNP in the PR group indicates reduced NO sensitivity in the SMC which has previously 

been linked to reduced soluble guanylyl cyclase expression and activity (Lamireau et 

al., 2002) and reduced cGMP response (Brawley et al., 2003) and this appears to have 

been improved by statin treatment. As ACh sensitivity was increased in the current 

study, increased NO production is indicated which would have overcome the reduced 

NO sensitivity in the SMC. Upregulation of NO production could have been induced by 

reduced SMC sensitivity. As these changes were only seen in the female offspring it is 

possible that they are due to hormonal, puberty related changes as the stage of the 

oestrus cycle in rats can alter vascular function (Tare et al., 2011). Female rats go 

through puberty around five weeks and maternal dietary manipulation has been shown 

to alter the timing. IUGR and undernourishment during lactation in rats have both been 

shown to delay the onset of menarche and first cycle (Engelbregt et al., 

2000;Engelbregt et al., 2002) and  protein restriction during lactation has been shown to 

delay vaginal opening (da Silva et al., 2004). Thus it is possible that the changes seen in 

relaxation in the female offspring are related to hormonal differences due to 

developmentally induced changes in timing of puberty and oestrogen levels as 

oestrogen is known to affect NO levels (Mendelsohn, 2009). 
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There were no differences in dam weights or litter parameters reflecting data from 

previous studies (Rodford et al., 2008;Torrens et al., 2009b). The only difference 

observed between the two dam diet groups was an increased food intake in the dams on 

the protein restricted diet. There was no indication of this in the dam weights or litter 

characteristics so it is possible that this is an anomaly of the measuring method though 

increase in food intake has been shown in protein restricted rat dams before with no 

difference in weight gain (Mizuno et al 2013). Calorie content was somewhat higher 

though in the control diet than in the PR diet and when the food intake was converted to 

calories there was no significant difference between the two groups and thus the 

increase in food intake in weight could be explained by rodents ability to adjust food 

intake to the calorie content. Thus it is possible that the increase was real and this would 

have then increased protein intake above the 9% that was intended for the PR dams. The 

PR dams ate an average of 66.5g more during pregnancy which is 16.7% more than the 

control dams. The amount of protein would equate to 10.5% in same weight of food the 

control dams ate so still a significantly reduced amount of protein as compared to the 

control diet but this could be enough to ameliorate the increase in blood pressure 

observed previously in the PR offspring. 

Maternal protein restriction did not induce vascular dysfunction as measured by BP and 

arterial reactivity in the five week old offspring in this study. This is in contrast to 

earlier studies as increased blood pressure has been shown in this same model at four 

weeks of age (Jackson et al., 2002;Sherman & Langley-Evans, 1998). This is the first 

study to look at the presence of endothelial dysfunction at young age in the PR model 

and based on the results endothelial dysfunction is not present in five week old PR 

offspring though it is known to be apparent in adult offspring (Brawley et al., 

2003;Rodford et al., 2008). In spontaneously hypertensive rat hypertension develops 

early and is clearly detectable by 5 weeks but endothelial dysfunction is not evident 

until at 12 weeks (Chamiot-Clerc et al., 2001) thus, even though early elevation in 

blood pressure has been observed in this model before, this does not mean there is a 

detectable impairment in endothelial function at an early age. Possible alterations in 

SMC constriction in both sexes and timing of puberty in females were indicated in the 

PR offspring. But, as vascular dysfunction was not evident at five weeks in this study, 

improvement by early age short term statin treatment could not be observed though 
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possible beneficial effects were shown in the statin treated C and PR males as maximal 

constriction to PE was reduced. 
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Chapter 4 Cardiovascular function in the adult 

offspring 
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4.1 Introduction 

Impaired fetal growth has been shown to impair vascular function in adult life leading to 

increased risk of cardiovascular disease (Eriksson et al., 2001;Huxley et al., 2007;Leon 

et al., 1998) and this has been further demonstrated in animal models of 

developmentally induced CVD (Brawley et al., 2003;Langley-Evans & Jackson, 

1995;Rodford et al., 2008;Torrens et al., 2009a). Impaired endothelial function has been 

implicated in both humans (Leeson et al., 2001;Martin et al., 2000) and animal models 

(Brawley et al., 2003;Rodford et al., 2008). Early age acute treatment with losartan, 

captropil and leptin have been shown to improve cardiovascular function and metabolic 

parameters long term in models of developmentally induced CVD (Sherman & 

Langley-Evans, 1998;Sherman & Langley-Evans, 2000;Vickers et al., 2005;Vickers et 

al., 2008). 

Treatment with statins has been shown to be very effective in primary and secondary 

intervention in reducing cardiovascular event rates and mortality in humans (Law et al., 

2003;Ridker et al., 2001;Ridker et al., 2008b) and clinical trials have indicated that 

statin treatment can have long term protective effects even after the treatment is 

withdrawn (Bulbulia et al., 2011;Ford et al., 2007).  Statins are also known to be 

effective in the PR model as chronic statin treatment ameliorates the endothelial 

dysfunction observed in the adult offspring (Torrens et al., 2009b). 

Though chronic statin treatment has been shown to improve vascular function in the PR 

offspring the effects of early age acute statin treatment have not been investigated thus 

the purpose of this part of the study was to investigate long term effects of early age 

acute statin treatment in the PR model. Based on earlier research on statins and early 

age acute treatments in the developmentally induced CVD models it was hypothesised 

that early age acute treatment would provide long term protective effects on vascular 

function in the PR offspring. 
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4.2 Methods 

4.2.1 The model 

The model was set up as described in Chapter 2. Briefly, on confirmation of pregnancy 

female Wistar rats were fed either PR or control diet. From delivery onwards the 

animals were fed standard chow. Litters were standardised to eight and weighed 1-2 

days post partum. At 3 weeks litters were weaned and half of the offspring were 

received atorvastatin (10 mg/kg) in their drinking water giving four experimental 

groups; control (C), control with statin (CS), protein restricted (PR) and protein 

restricted with statin (PRS). Statin was withdrawn after two weeks and the offspring 

were maintained on water and standard laboratory chow until 16 weeks. The animals 

were weighed weekly from weaning. The average post mortem weight of the male 

offspring  was 390 g for and of the female offspring 229 g. 

4.2.2 Blood pressure 

Blood pressure of the 111-114 day old animals was measured using tail cuff 

plethysmography. Systolic blood pressure (SBP), diastolic blood pressure (DBP), mean 

arterial pressure (MAP) and heart rate (HR) measurements were obtained as described 

in Chapter 2. The occlusion cuff pressure was set as 200-255 mmHg and the sensory 

cuff pressure was set as 50-90 mmHg. 

4.2.3 Post mortem 

Animals were euthanised with CO2 and cervical dislocation at 115-120 days. Liver, 

right kidney, heart and lungs were weighed and snap frozen. The aortae and gut were 

collected and placed into cold PSS (4°C) for vascular reactivity experiments. Segments 

of aorta and mesenteric arteries were also snap frozen in liquid nitrogen after they were 

dissected out of fat and connective tissue. 

4.2.4 Aortic reactivity 

Aortic reactivity was investigated using myography, as described in Chapter 2. Aortae 

were dissected clean of surrounding fat and connective tissue, cut into 2 mm long 
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segments and mounted on a myograph under a resting tension of 1 g. Functionality was 

tested with KPSS. Cumulative concentration response curves were constructed to the 

α1-adrenoceptor agonist PE (100 pM – 10 µM). Following pre-constriction to EC80 dose 

of PE, cumulative concentration-response curves were constructed to endothelium-

dependent vasodilator ACh (100 pM – 10 µM). To test the contribution of NO to ACh-

induced dilatation, responses to ACh were repeated in the presence of the eNOS 

inhibitor L-NAME (100 nM & 100 µM). Endothelium-independent relaxation to NO 

donor SNP (100 pM – 10 µM) was also assessed after pre-constriction to PE EC80. 

Workflow diagram can be found in Appendix 2. 

4.2.5 Mesenteric artery reactivity 

Mesenteric artery reactivity was also investigated using myography, as described in 

Chapter 2. Segments of mesenteric arteries were dissected out of surrounding fat and 2 

mm segment were mounted on a wire myograph. The data from vessel normalisation 

was used to estimate the diameter of the vessels.  The functionality was tested with 

KPSS and noradrenaline. Cumulative concentration response curves were constructed to 

the α1-adrenoceptor agonist PE (10 nM – 100 µM). Constriction was also assessed to 

endothelin (1 pM – 100 nM). Following pre-constriction to PE EC80 cumulative 

concentration-response curves were constructed to the endothelium-dependent 

vasodilator ACh (100 pM – 10 µM) to observe endothelium-dependent relaxation. ACh 

relaxation was also assessed in the presence of 100 μM L-NAME, 10 μM indomethacin 

and 25 mM KPSS. Endothelium independent relaxation to the NO donor SNP (1 pM – 

10 µM) was assessed after pre-constriction to PE EC80. Workflow diagram can be found 

in Appendix 2. 

4.2.6 Statistics 

The results were analysed with Student’s t-test or two-way ANOVA, with repeated 

measures when appropriate, as indicated in Chapter 2. All results are presented as mean 

± SEM and significance was accepted at p 0.05. 
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4.3 Results 

4.3.1 Growth 

There were no differences in weight gain from three to sixteen weeks in the male 

offspring (p>0.05; Figure 4.1 a). In the females the weight gain was reduced in the PR 

offspring irrespective of maternal diet (p<0.05 for maternal diet effect; p>0.05 for statin 

effect and interaction; Figure 4.1 b). 
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Figure 4.1 Growth curves of ○ C (n=6/5), ■ CS (n=6), ● PR (n=5) and ■ PRS (n=5/6) from three to 

sixteen weeks in the male (a) and female (b) offspring. * p<0.05 PR offspring versus C offspring. 

4.3.2 Blood Pressure 

No differences were seen in SBP or DBP in males or females as assessed by two-way 

ANOVA (p>0.05 for all factors; Figure 4.2). No differences were seen in MAP or HR 

either (p>0.05 for all factors; Table 4.1). 

 



Chapter 4 

 70 

S
B

P
 (

m
m

H
g

)

C P R

0

5 0

1 0 0

1 5 0

2 0 0

D
B

P
 (

m
m

H
g

)

C P R

0

5 0

1 0 0

1 5 0

S
B

P
 (

m
m

H
g

)

C P R

0

5 0

1 0 0

1 5 0

2 0 0

D
B

P
 (

m
m

H
g

)

C S C S

0

5 0

1 0 0

1 5 0

2 0 0

a b

c d

 
Figure 4.2 Systolic blood pressure (SBP) and diastolic blood pressure (DBP) of 16 week old male (a 

and b; n=4 for C and PR; n=6 for CS; n=5 for PRS) and female (c and d; n=4 for C and PR; n=5 

for CS; n=6 for PRS) offspring. □ Non treated offspring, ■ statin treated offspring. 

 

Males C (n=4) CS (n=6)  PR (n=4) PRS (n=5)  

SBP (mmHg) 145±12 129±8 127±10 130±13 

DBP (mmHg) 109±8 99±7 97±7 96±10 

MAP (mmHg) 121±9 109±8 107±8 108±11 

HR (bpm) 447±15 449±7 445±14 419±11 

Females C (n=4) CS (n=5)  PR (n=4) PRS (n=6)  

SBP (mmHg) 129±7 129±11 131±15 124±10 

DBP (mmHg) 93±6 97±9 98±10 94±9 

MAP (mmHg) 105±6 107±9 109±12 104±9 

HR (bpm) 438±26 427±8 476±17 437±15 

Table 4.1 Systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure 

(MAP) and heart rate (HR) readings in the 16 week old male and female offspring 

4.3.3 Organ weights 

There were no differences in body weights between the groups at the time of 

euthanisation (p>0.05 for all factors). There were no differences in most of the organ 

sizes when measured either in absolute weight or as percentage of body weight (p>0.05 
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for all factors; Table 4.2) between the groups in males and females. Maternal protein 

restriction independent of statin treatment reduced percentage lung weight (p<0.05 for 

maternal diet effect, significance not maintained following post hoc correction; p>0.05 

for statin effect and interaction) in males. In females the right kidney size was reduced 

in the PR offspring independent of statin treatment both in absolute weight (p<0.01 for 

maternal diet effect, significance maintained CS versus PR following post hoc 

correction; p>0.05 for statin effect and interaction) and percentage weight (p<0.05 for 

maternal diet effect, significance not maintained following post hoc correction; p>0.05 

for statin effect and interaction). 

Males   C (n=6/5) CS (n=6) PR (n=5/4) PRS (n=5) 

Body weight (g) 390.9 ± 12.9 389.3 ± 10.2 391.9 ± 20.4 389.1 ± 11.6 

Liver weight (g) 13.84 ± 0.35 13.91 ± 0.63 13.65 ± 0.38 14.13 ± 0.70 

 % of body weight 3.58 ± 0.04 3.57 ± 0.09 3.51 ± 0.08 3.63 ± 0.10 

Kidney weight (g) 1.05 ± 0.04 1.05 ± 0.03 1.02 ± 0.04 1.03 ± 0.04 

 % of body weight 0.27 ± 0.01 0.27 ± 0.002 0.26 ± 0.02 0.26 ± 0.01 

Heart weight (g) 1.00 ± 0.03 1.03 ± 0.04 1.06 ± 0.02 0.99 ± 0.04 

 % of body weight 0.26 ± 0.002 0.26 ± 0.01 0.28 ± 0.02 0.25 ± 0.003 

Lungs weight (g) 1.93 ± 0.06 1.80 ± 0.08 1.75 ± 0.06 1.74 ± 0.09 

 % of body weight 0.50 ± 0.01 0.46 ± 0.02 0.44 ± 0.02* 0.45 ± 0.01* 

Females   C (n=5) CS (n=6) PR (n=5) PRS (n=6) 

Body weight (g) 234.2 ± 8.9 235.9 ± 3.8 217.9 ± 9.6 227.8 ± 6.3 

Liver weight (g) 8.42 ± 0.19 8.88 ± 0.31 8.09 ± 0.47 8.32 ± 0.39 

% of body weight 3.61 ± 0.08 3.77 ± 0.15 3.71 ± 0.06 3.65 ± 0.14 

Kidney weight (g) 0.72 ± 0.02 0.76 ± 0.01 0.62 ± 0.03# 0.68 ± 0.04# 

% of body weight 0.31 ± 0.01 0.32 ± 0.01 0.29 ± 0.01* 0.30 ± 0.01* 

Heart weight (g) 0.71 ± 0.03 0.72 ± 0.02 0.7 ± 0.03 0.74 ± 0.03 

% of body weight 0.30 ± 0.01 0.30 ± 0.01 0.32 ± 0.02 0.32 ± 0.01 

Lungs weight (g) 1.35 ± 0.07 1.35 ± 0.07 1.28 ± 0.06 1.33 ± 0.06 

% of body weight 0.58 ± 0.03 0.57 ± 0.03 0.59 ± 0.03 0.58 ± 0.02 

Table 4.2 Post mortem body and organ weights of sixteen week old offspring. * p<0.05 PR groups 

versus C groups, # p<0.01 PR groups versus C groups. 

4.3.4 Vasomotor responses in the aorta 

4.3.4.1 Constriction to phenylephrine 

Phenylephrine produced a concentration dependent constriction in all aortae. Maternal 

diet, statin treatment and interaction were all indicated as having a significant effect on 

maximal constriction to PE (C, 2.81±0.11 g, n=6; CS, 3.52±0.20 g, n=6; PR, 2.49±0.13 
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g, n=5; PRS, 2.42±0.05 g, n=5; p<0.05 for statin effect and interaction; p<0.0001 for 

maternal diet effect, significance maintained in CS versus C, PR and PRS following 

post hoc correction; Figure 4.3 a). Sensitivity to PE was reduced in the PR offspring 

irrespective of statin treatment (pEC50: C 7.1±0.1, n=6; CS 6.9±0.1; PR 6 6.8±0.1, n=5; 

PRS 6.7±0.04, n=5; p<0.05 for maternal diet effect, significance not maintained 

following post hoc correction; p>0.05 for statin effect and interaction). 

In the females maximal constriction to PE was reduced in the PR offspring irrespective 

of statin treatment (C, 2.18±0.35 g, n=5; CS, 2.17±0.20 g, n=6; PR, 2.03±0.15 g, n=5; 

PRS, 1.26±0.13 g, n=6; p<0.05 for maternal diet effect, significance maintained PRS 

versus C and CS following post hoc correction; p>0.05 for statin effect and interaction; 

Figure 4.3 b).Neither maternal diet nor statin altered sensitivity to PE (pEC50: C 

7.1±0.3, n=5; CS 6.8±0.2, n=6; PR 6.9±0.1, n=5; PRS 6.7±0.2, n=6; p>0.05 for all 

factors). 
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Figure 4.3 Phenylephrine (PE) induced constriction in the aorta of ○ C (n=6/5), ■ CS (n=6), ● PR 

(n=5) and ■ PRS (n=5/6) in male (a) and female (b) offspring. * p<0.05 maximal constriction CS 

versus C, PR and PRS. # p<0.05 pEC50 PR groups versus C groups. ** p<0.05 maximal constriction 

PR groups versus C groups. 

4.3.4.2 Relaxation to acetylcholine 

Acetylcholine induced a concentration-dependent relaxation in all aortae. In the male 

offspring interaction was detected (% maximal response: C, 68.4±4.1, n=6; CS, 

58.3±3.8, n=6; PR, 65.4±5.2, n=5; PRS, 73.2±3.0, n=5; p<0.05 for interaction, 

significance not maintained following post hoc correction; p>0.05 for maternal diet and 

statin effect; Figure 4.4 a) No differences were seen in sensitivity between the groups 

(pEC50: C 7.2±0.1, n=6; CS 7.3±0.1, n=6; PR 7.4±0.2, n=5; PRS 7.4±0.1, n=5; p>0.05 

for all factors). 
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In the females interaction was observed in the maximal relaxation to ACh (% maximal 

response: C, 80.1±7.5, n=5; CS, 79.2±3.1, n=6; PR, 68.4±6.0, n=5; PRS, 105.3±8.2, 

n=6; p<0.01 for interaction; p<0.05 for statin effect; p>0.05 for maternal diet effect; 

significance maintained PRS versus CS and PR following post hoc correction; Figure 

4.4 b). No differences were seen in sensitivity between the groups (pEC50: C 7.8±0.3, 

n=5; CS 7.6±0.1, n=6; PR 7.6±0.2, n=5; PRS 7.5±0.2, n=6; p>0.05 for all factors). 
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Figure 4.4 Acetylcholine (ACh) induced relaxation in the aorta of ○ C (n=6/5), ■ CS, (n=6) ● PR 

(n=5) and ■ PRS (n=5/6) in male (a) and female (b) offspring. * p<0.05 maximal relaxation PRS 

versus CS and PR. 

ACh-induced relaxation was completely blocked by L-NAME 100 µM in all aortae 

tested in males (% response following addition of final dose: C, -19.9±12.7, n=6; CS, -

30.7±7.6, n=6; PR, -12.4±17.7, n=5; PRS, -38.8±3.9, n=5). Maternal protein restriction 

increased maximal relaxation to ACh in the presence of 100 nM L-NAME irrespective 

of statin treatment in the male offspring (% maximal response: C, 6.2±20.8, n=6; CS, -

0.2±18.2, n=6; PR, 75.6±11.7, n=5; PRS, 34.2±21.1, n=5; p<0.05 for maternal diet 

effect, significance maintained C versus PR following post hoc correction; p>0.05 for 

statin effect and interaction; Figure 4.5). Similar results were obtained when 

comparisons of maximal ACh relaxation with and without L-NAME were made within 

each groups (following p-values after post hoc correction);  in C and CS groups 

maximal relaxation did not significantly differ from100 µM L-NAME (p>0.05) but was 

significantly reduced compared to naïve ACh (p<0.01) and in the PR and PRS groups 

100 nM did not differ form naive (p>0.05) but did differ from 100 μM L-NAME though 

only in PR group (p<0.001). 



Chapter 4 

 74 

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

a b

c d

* *

 
Figure 4.5 Acetylcholine (ACh) induced relaxation in the aorta of C (a; n=6), CS (b; n=6), PR (c; 

n;5) and PRS (d; n=5) male offspring; naïve ○, L-NAME 100 nM ■ and L-NAME 100 μM ■. * 

p<0.05 maximal relaxation naïve versus 100 nM L-NAME. 

Relaxation response to ACh was abolished by 100 µM L-NAME in the aortae in 

females (% response following addition of final dose: C, 5.8±13.2, n=5; CS -36.5±9.7, 

n=6; PR, 4.9±21.0, n=5; PRS -16.9±9.1, n=6). As in the males maternal protein 

restriction increased maximal relaxation to ACh in the presence of 100 nM L-NAME 

irrespective of statin treatment (% maximal response: C, 27.3±8.7, n=5; CS, 24.9±6.9, 

n=6; PR, 75.3±5.2, n=5; PRS, 88.7±21.9, n=6; p<0.001 for maternal diet effect, 

significance maintained PRS versus C and CS; p>0.05 for statin effect and interaction; 

Figure 4.6). Again, similar results were obtained when comparisons of maximal ACh 

relaxation with and without L-NAME were made within each groups (following p-

values after post hoc correction);  in C and CS groups maximal relaxation did not 

significantly differ from100 µM L-NAME (p>0.05) but was significantly reduced 

compared to naïve ACh (p<0.01) and in the PR and PRS groups 100 nM did not differ 

form naive (p>0.01) but did differ from 100 μM L-NAME though only in PR group 

(p<0.001). 



  Chapter 4 

 75  

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

1 2 5

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

1 2 5

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

1 2 5

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

-1 1 -1 0 -9 -8 -7 -6 -5 -4

-5 0

-2 5

0

2 5

5 0

7 5

1 0 0

1 2 5

lo g  [A C h ] (M )

R
e

la
x

a
ti

o
n

 (
%

)

a

c d

b

* *

 
Figure 4.6 Acetylcholine (ACh) induced relaxation in the aorta of C (a; n=5), CS (b; n=6), PR  

(c; n=5) and PRS (d; n=6) female offspring; naïve ○, L-NAME 100 nM ■ and L-NAME 100 μM ■. 

* p<0.01 maximal relaxation naïve versus 100 nM L-NAME. 

4.3.4.3 Relaxation to sodium nitroprusside 

The NO donor SNP produced a concentration dependent relaxation in all aortae. No 

differences were seen in maximal relaxation to SNP in males (% maximal response: C, 

103.9±3.0, n=6; CS, 105.4±3.8, n=6; PR, 101.9±3.0, n=5; PRS, 101.7±3.5, n=5; p>0.05 

for all factors; Figure 4.7 a). Maternal PR increased sensitivity and statin treatment 

reduced sensitivity to SNP (pEC50: C, 9.3±0.1, n=6; CS, 8.9±0.10, n=6; PR, 9.5±0.1, 

n=5; PRS, 9.3±0.1, n=5; p<0.01 for maternal diet and statin effect, significance 

maintained CS versus C, PR and PRS following post hoc correction; p>0.05 for 

interaction). 

No differences were seen in maximal relaxation to SNP in females (% maximal 

response: C, 110.0±3.2, n=5; CS, 104.9±4.6, n=6; PR, 106.6±2.4, n=5; PRS, 110.6±3.9, 

n=6; p>0.05 for all factors; Figure 4.7 b). No difference was seen in sensitivity between 

the groups either (pEC50: C 9.4±0.1, n=5; CS 9.2±0.1, n=6; PR 9.3±0.1, n=5; PRS 

9.1±0.1, n=6; p>0.05 for all factors). 
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Figure 4.7 Sodium nitroprusside (SNP) induced relaxation in the aorta of ○ C (n=6/5), ■ CS (n=6), 

● PR (n=5) and ■ PRS (n=5/6) in male (a) and female (b) offspring. # p<0.01 pEC50 PR groups 

versus C groups. 

4.3.5 Vasomotor responses in the mesenteric arteries 

Of the 44 segments of mesenteric arteries mounted from the male offspring 1 failed to 

achieve 100 mmHg active tension and was excluded from experiments. No differences 

were seen in the estimated mesenteric artery diameters of the functional segments 

between the groups (C, 345.21±8.83 µm, n=6; CS, 326.35±16.61 μm, n=6; PR, 

326.46±11.70 µm, n=5; PRS, 317.47±22.22 µm, n=5; p>0.05 for all factors; Figure 4.8 

a). Of the 44 segments of mesenteric arteries mounted from the female offspring 4 

failed to achieve 100 mmHg active tension and were excluded from experiments. No 

differences were seen in the mesenteric artery diameters of the functional segments 

between the groups (C, 316.16±20.16 μm, n=5; CS, 339.07±11.00 µm, n=6; PR, 

289.69±21.64 μm, n=5; PRS, 309.18±18.88 μm, n=6; p>0.05 for all factors; Figure 4.8 

b). 
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Figure 4.8 Mesenteric artery diameter of the 16 week old male (a; C, n=6, CS, n=6; PR, n=5; PRS, 

n=5) and female (b; C, n=5, CS, n=6; PR, n=5; PRS, n=6) offspring. □ non treated offspring, ■ 

statin treated offspring. 
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4.3.5.1 Constriction to phenylephrine 

Phenylephrine produced a concentration dependent constriction in all tested mesenteric 

arteries. Both maternal protein restriction as well as statin treatment increased maximal 

constriction to PE in mesenteric arteries of male offspring (mN/mm
2
: C 4.12±0.16, n=6; 

CS, 4.57±0.16, n=6; PR, 4.66±0.29, n=5; PRS, 5.27±0.21, n=5; p<0.01 for maternal diet 

effect; p<0.05 for statin effect; p>0.05 for interaction; significance maintained PRS 

versus C following post hoc correction; Figure 4.9 a). No differences were seen in 

sensitivity between the groups (pEC50: C 8.5±0.1, n=6; CS 8.7±0.1, n=6; PR 8.5±0.1, 

n=5; PRS 8.6±0.1, n=5; p>0.05 for all factors). 

In females statin treatment also increased constriction and there was a trend (p<0.06) for 

increased constriction in response to maternal diet (mN/mm
2
: C 3.22±0.26, n=5; CS, 

4.17±0.23, n=6; PR, 3.82±0.40, n=5; PRS, 4.71±0.24, n=6; p<0.01 for statin effect, 

significance maintained PRS verus C following post hoc correction; p>0.05 for 

maternal diet effect and interaction; Figure 4.9 b). No differences were seen in 

sensitivity between the groups (pEC50: C 6.4±0.2, n=5; CS 6.6±0.1, n=6; PR 6.4±0.2, 

n=5; PRS 6.4±0.1, n=6; p>0.05 for all factors). 
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Figure 4.9 Phenylephrine (PE) induced constriction in the mesenteric arteries of ○ C (n=6/5), ■ CS 

(n=6), ● PR (n=5) and ■ PRS (n=5/6) in male (a) and female (b) offspring. * p<0.05 maximal 

constriction statin treated versus non-treated. # p<0.05 maximal constriction PR groups versus C 

groups. 

4.3.5.2 Constriction to endothelin 

Endothelin induced a concentration-dependent constriction in all tested mesenteric 

arteries. No significant differences were seen in maximal constriction to endothelin in 

male offspring (mN/mm
2
: C 4.21±0.46, n=6; CS 5.19±0.516, n=5; PR 4.72±0.52, n=5; 
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PRS 5.83±0.71, n=5; p>0.05 for all factors; Figure 4.10 a) though there was a trend 

towards increased constriction in the statin treated offspring (p<0.08). No differences 

were seen in sensitivity between the groups (pEC50: C 8.6±0.2, n=6; CS 8.9±0.2, n=6; 

PR 8.7±0.2, n=5; PRS 8.5±0.2, n=5; p>0.05 for all factors). 

In the female offspring increased maximal constriction was seen in statin treated 

animals irrespective of maternal diet (mN/mm
2
: C 3.27±0.56, n=4; CS 4.43±0.36, n=5; 

PR 3.44±0.62, n=4; PRS 6.08±0.64, n=5; p p<0.01 for statin effect, significance 

maintained PRS versus C and PR following post hoc correction; p>0.05 for maternal 

diet effect and interaction; Figure 4.10 a). No differences were seen in sensitivity 

between the groups (pEC50: C 8.9±0.3, n=4; CS 9.0±0.1, n=5; PR 9.0±0.3, n=4; PRS 

8.4±0.2, n=5; p>0.05 for all factors). 
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Figure 4.10 Endothelin (ET) induced constriction in the mesenteric arteries of ○ C (n=6/4), ■ CS 

(n=5), ● PR (n=5/4) and ■ PRS (n=5) in male (a) and female (b) offspring. * p<0.01 maximal 

constriction statin treated versus non-treated. 

4.3.5.3 Relaxation to acetylcholine 

No changes were seen in acetylcholine induced maximal constriction between the 

groups in the male (% maximal response: C 37.5±4.05, n=4; CS 31.43±2.24, n=5; PR 

41.65±2.05, n=4; PRS 39.24±2.81, n=2; p>0.05 for all factors; Figure 4.11 a) or the 

female (% maximal response: C 35.00±8.40, n=3; CS 37.33±11.36, n=3; PR 

56.55±8.05, n=2; PRS 32.19±5.83, n=4; p>0.05 for all factors; Figure 4.11 b) offspring. 
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Figure 4.11 Acetylcholine (ACh) induced relaxation in the mesenteric arteries of ○ C (n=4/3), ■ CS 

(n=5/3), ● PR (n=4/2)and ■ PRS (n=2/4) in male (a) and female (b) offspring. 

Incubation with 100µM eNOS inhibtor L-NAME, 10 µM COX-1 inhibitor 

indomethacin and 25 mM KPSS completely blocked the ACh induced relaxation in all 

the groups in males (% maximal response: C -7.00±3.87, n=6; CS -7.88±4.96, n=5; PR -

0.08±2.51, n=5; PRS -3.80±4.82, n=5; Figure 4.12) and females (% maximal response: 

C -5.33±4.72, n=4; CS -6.70±3.54, n=5; PR -2.70±2.29, n=4; PRS -12.45±3.49, n=4; 

Figure 4.13). 
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Figure 4.12 Acetylcholine (ACh) induced relaxation in the mesenteric arteries of C (a; n=6), CS (b; 

n=5,), PR (c; n=5) and PRS (d; n=5) male offspring; naïve ○ and 100 μL-NAME,  10 μM 

indomethacin and 25 mM KPSS. 
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Figure 4.13 Acetylcholine (ACh) induced relaxation in the mesenteric arteries of C (a; n=4), CS (b; 

n=5,), PR (c; n=4) and PRS (d; n=4) female offspring; naïve ○ and 100 μL-NAME,  10 μM 

indomethacin and 25 mM KPSS. 

4.3.5.4 Relaxation to sodium nitroprusside 

Sodium nitroprusside induced a concentration dependent relaxation in all tested arteries. 

Statin treatment increased maximal relaxation in the male offspring independent of 

maternal diet (% maximal response: C 69.40±5.07, n=6; CS 78.07±2.63, n=6; PR 

65.97±5.98, n=5; PRS 88.95±3.16, n=5; p<0.01 for statin effect significance maintained 

PRS versus C and PR following post hoc correction; p>0.05 for maternal diet and 

interaction; Figure 4.14 a). Interaction was observed in the SNP sensitivity (pEC50: C 

8.8±0.2, n=6; CS 8.6±0.1, n=6; PR 8.1±0.2, n=5; PRS 8.8±0.1, n=5; p<0.05 for 

interaction, significance maintained PRS versus PR following post hoc correction; 

p>0.05 for maternal diet and statin effect). 

No differences were seen in maximal relaxation to SNP in the female offspring (% 

maximal response: C 80.63±7.59, n=5; CS 89.78±10.08, n=5; PR 77.84±4.64, n=5; PRS 

75.46±4.51, n=5, p>0.05 for all factors; Figure 4.14 b). No differences were seen in 

sensitivity between the groups either (C 9.3±0.7, n=5; CS 9.8±0.3, n=5; PR 10.1±0.5, 

n=5; PRS 10.6±0.2, n=5; p>0.05 for all factors). 
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Figure 4.14 Sodium nitroprusside (SNP) induced relaxation in the mesenteric arteries of ○ C 

(n=6/5), ■ CS (n=6/5), ● PR (n=5) and ■ PRS (n=5) in male (a) and female (b) offspring. * p<0.01 

maximal relaxation statin treated versus non-statin treated. 

4.4 Discussion 

Maternal protein restriction has been shown to impair vascular function in rat offspring 

(Brawley et al., 2003;Rodford et al., 2008) and early age acute treatment with renin-

angiotensin system targeting drugs has been shown to improve this (Sherman & 

Langley-Evans, 1998;Sherman & Langley-Evans, 2000). As chronic statin treatment has 

been shown to improve vascular function in this model as well (Torrens et al., 2009b) 

this study set out to investigate the long term effects of early age acute statin treatment 

in the PR model. This study shows that early age statin treatment is not protective long 

term but leads to increased constriction. The functional data for five and sixteen weeks 

old animals are summarised in Table 4.3. 
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   5 week aorta 16 week aorta 
16 week 

mesenterics 

    Males Females Males Females Males Females 

PE 
max 

PR ▼ ▼  ▼ ▲ ▲ 

S ▼   ▲**  ▲ ▲ 

PE 
EC5

0 

PR ▼ ▼ ▼       

S             

ET 
max 

PR            

S        ▲ ▲ 

ET 
EC5

0 

PR          

S           

ACh 
max 

PR    ▲ #      

S     # ▲***     

ACh 
EC5

0 

PR            

S             

SNP 
max 

PR   ▼*       

S       ▲   

SNP 
EC5

0 

PR   ▲   #   

S 
  

▼  #   

Table 4.3 Summary of aortic and mesenteric vasoreactivity results at five and sixteen weeks. ▲ 

increased maximal constriction or sensitivity, ▼ reduced maximal constriction or sensitivity, ▲ / ▼ 

p<0.05, ▲ p<0.1, # interaction but no differences between groups detected by Bonferonni’s multiple 

comparisons test, ** interaction: CS versus C, PR and PRS, *** interaction: PRS versus CS and 

PRS. 

Increased constriction was observed in the aorta and mesenteric arteries of the statin 

treated animals in both males and females. In the aorta the only statin effect on 

constriction was observed in the CS group in males where the constriction was 

increased. In the mesenteric arteries increased constriction was seen in all statin treated 

offspring to PE and.to ET in the statin treated female offspring. The long term results 

are contradictory to those observed in the five week old animals as reduced maximal 

constriction was observed in the male offspring aorta and unlike the beneficial effects at 

five weeks these results at sixteen weeks show adverse effects. Interestingly, other 

animal studies have shown impairment of vascular and metabolic parameters after 

withdrawal of statin treatment (Gertz et al., 2003;Laufs et al., 2000;Otani et al., 

2010;Vecchione & Brandes, 2002) which could explain the results observed in the 

current study. Some of the withdrawal studies have looked at the effects of withdrawal 

after short term statin treatment (10-14 days) in mature mice and have shown that the 

impairment of vascular parameters is transient and returns to control levels some days 

after the withdrawal (Gertz et al., 2003;Laufs et al., 2000;Vecchione & Brandes, 2002). 
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Long term effects have also been shown in mature rats after a longer treatment period 

(16 weeks) where impairment was shown in glucose handling and pancreatic parameters 

fifty weeks after statin withdrawal (Otani et al., 2010). Though the previous studies 

looking at the effects of short term treatment prior to withdrawal have shown transient 

effects, the young age at the time of the treatment and withdrawal in the current study 

could account for the long term effects observed. These studies have implicated 

different mechanisms behind the effects of statin withdrawal and the applicability of 

these mechanisms to the current study are discussed below. 

As increased constriction in the mesenteric arteries was shown in response to both ET 

and PE the statin effects would appear to have either occurred in mechanisms promoting 

constriction in general or in the parts of the pathways shared by PE and ET. Reduction 

in relaxation agents could allow the increase in constriction to all agents as has been 

demonstrated by increased constriction after inhibition of NO synthesis (Dresner et al., 

1997;Vo et al., 1992). As statins are known to upregulate NO (Aoki et al., 2012;Feron 

et al., 2001;Kansui et al., 2004;Wenzel et al., 2008) this appears a possibility for 

increased constriction especially as statin withdrawal induced reduction in ACh 

mediated relaxation has been shown to be NO-dependent (Vecchione & Brandes, 2002). 

As already discussed in Chapter 3, alterations in NO levels might be expected to alter 

ACh relaxation and no indication of this was seen in the mesenteric arteries. In the aorta 

the only indication of statin effect on ACh relaxation was seen in the female offspring, 

where no increase in constriction was observed, as ACh induced relaxation was 

increased in the PRS offspring. Thus the ACh relaxation data does not support reduced 

NO bioavailability as mechanism behind the increase in constriction. 

PE elicits constriction through α1-adrenoceptor and ET through ETA receptor and the 

pathway downstream of these GPCRs is shared as they induce constriction via 

phospholipase C induced Ca
2+

 release leading to MLCK activation and MLC 

phosphorylation. There is some evidence that statins can upregulate phospholipase C 

activity (Mutoh et al., 1999) and if the upregulation was maintained after statin 

withdrawal this could account for the increase in constriction. This appears unlikely 

though as at five weeks the constriction was reduced in the aortae. A likelier option 

appears the promotion of constriction via RhoA activation. Statins are well known to 

reduce RhoA activity by inhibiting its isoprenylation, which could explain reduced 
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constriction at five weeks,  and it has been shown that statin withdrawal can lead to 

upregulation of RhoA activity (Laufs et al., 2000). Inhibition of RhoA activity by 

statins leads to upregulation of RhoA mRNA levels and cytosolic protein via a negative 

feedback loop which leads to a transient increase in RhoA activity after statin 

withdrawal (Laufs et al., 2000). Sustained upregulation of RhoA gene expression could 

lead to increase in constriction observed in this study. Also statin treatment has been 

shown to increase HMG-Co A reductase mRNA levels (Ness et al., 1998;Torrens et al., 

2009b) and, if converted to activity levels, sustained upregulation of HMG-Co A 

reductase mRNA levels could lead to upregulation of RhoA activity thus promoting 

constriction. 

These findings could well have clinical implications as there is evidence from clinical 

trials that statin withdrawal can lead to a rebound effect. Follow ups of up to a year after 

statin withdrawal have shown an increase in event rates and mortality as compared to 

continued statin treatment and never on statins (Daskalopoulou et al., 2008;Heeschen et 

al., 2002). Endothelial function seems to deteriorate after statin withdrawal (Laufs et al., 

2001;Taneva et al., 2006) and increase in inflammation has also been shown (Lai et al., 

2005), at least briefly after withdrawal. On the other hand follow ups of trials up to five 

years after trial period have shown that event rates and mortality are reduced in the 

groups that were on statins during the trials as compared to the placebo group (Bulbulia 

et al., 2011;Ford et al., 2007). In these studies though statin treatment in the post-trial 

period was not taken into account in the follow up analysis and it was shown that a 

higher proportion of individuals on statins during the study period were on statins at the 

time of the follow up than those who were originally in the placebo group. Thus it is 

possible that the higher prevalence of statin use during post-trial period masked possible 

statin withdrawal effects. 

Maternal protein restriction was also shown to have an effect on the vascular function in 

the sixteen week old offspring. In the mesenteric arteries PE increased constriction in 

the PR offspring though this did not quite reach significance in the female offspring and 

no changes were seen in ET induced constriction. This increase in constriction could be 

an indication of PR induced vascular dysfunction though no impairment was observed 

in the endothelial function which is usually observed in this model. In the aorta though, 

maximal constriction to PE was reduced in PR female offspring as was sensitivity in the 
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male offspring. Also increased relaxation in the aorta was observed in both sexes of the 

PR offspring in response to ACh in the presence of 100 nM L-NAME. Similar results 

have been shown in other studies where maximal relaxation to ACh in presence of L-

NAME and indomethacin was not reduced in mesenteric arteries of PR offspring as 

compared to naïve relaxation whereas partial relaxation was observed in the control 

offspring (Torrens et al., 2009b) indicating impaired NO and prostaglandin contribution 

to ACh induced relaxation in the PR offspring and compensatory EDHF response. In the 

current study the differences in relaxation in the presence of L-NAME were seen in the 

aorta at 16 weeks but no impairment was seen to naïve ACh. The relaxation in the aorta 

was fully NO dependent, as shown by abolished relaxation in the presence of 100 μM 

L-NAME, thus the full relaxation in presence of submaximal L-NAME indicates either 

increased NO biosynthesis or greater sensitivity to NO. In the male offspring though 

increased sensitivity was shown to SNP which indicates increased NO sensitivity. 

Increased NO biosynthesis could be explained by increased eNOS levels and activity 

though this is not expected in this model. Increased NO biosynthesis would not only 

explain the alterations in relaxation but also the reduced sensitivity to PE observed in 

the male PR offspring. No differences were seen in naïve ACh pEC50 though thus 

altered NO biosynthesis does not appear likely. In the male offspring though increased 

sensitivity was shown to SNP which indicates increased NO sensitivity.  This could be 

an indication of changes in the smooth muscle component of NO mediated relaxation, 

namely increased cGMP or sGC levels. 

Even though changes were observed between the two maternal groups as discussed 

above these were by no means the same as observed in previous studies. Most notably 

no impairment of endothelium-dependent vasodilation was observed. No changes were 

shown in the PR offspring blood pressure either even though this has been reported 

before (Brawley et al., 2003;Langley-Evans & Jackson, 1995;Mizuno et al., 2013)  This 

is not the first study not to show differences in vascular function in the PR offspring; 

endothelial dysfunction has not been always detected (Watkins et al., 2010) and neither 

has an increase in blood pressure (Brennan et al., 2008;Rodford et al., 2008).  As 

already discussed in Chapter 3 it is possible that this was due to new diet used in this 

laboratory or increased food intake in the PR dams. The maternal diet effect on growth 

was different in males and females though both effects have been reported previously. 

Maternal diet did not affect growth in male offspring which fits in with previous studies 
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(Torrens et al., 2009b) as does the reduced growth observed in the female PR offspring 

(Sherman & Langley-Evans, 2000). 

Interestingly some differences were also seen between the two sexes. The constrictor 

response to PE both in the aorta and mesenteric arteries was reduced in the females as 

compared to the males. Also there was a trend towards reduced constriction to ET 

(p<0.07) in the females (univariate general linear model, SPSS). Reduced constriction 

in females has been observed before and it has been indicated that this could be due to 

oestrogen altering endothelium dependent relaxation (Raffetto et al., 2010) and Ca
2+

 

entry from the extracellular space (Murphy & Khalil, 2000;Crews et al., 1999). 

Increased relaxation was not observed in the female offspring in the current study and 

thus it would appear more likely that altered Ca
2+

 entry into the SMC might explain the 

differences. 

This study has shown that early age acute statin treatment and withdrawal leads to long 

term increase in constriction in the mesenteric arteries of rats. Based on the evidence 

from previous studies the likeliest mechanism for this appears to be upregulation of the 

RhoA pathway. Maternal PR induced impairment of vascular function was not observed 

in the current study.
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Chapter 5 Molecular changes in vascular tissues 
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5.1 Introduction 

Statins work by inhibiting HMG-CoA reductase and thus mevalonate synthesis. 

Downstream products of the mevalonate pathway are involved in post-translational 

modifications of proteins and thus can alter their activity (Laufs et al., 2000;Vecchione 

& Brandes, 2002). In addition to alterations in posttranslational modifications, statin 

treatment can alter gene and protein expression levels (Ali et al., 2007;Ali et al., 

2009;Aoki et al., 2012;Dichtl et al., 2003;Torrens et al., 2009b). These changes have 

been shown as part of the mechanisms behind statins’ pleiotropic properties. Transient 

changes in mRNA and protein levels have been shown in response to statin withdrawal 

in adult mice (Gertz et al., 2003;Laufs et al., 2000). 

Statins inhibit isoprenylation of RhoA (Figure 1.4) and thus its membrane translocation 

required for its full activation (Laufs et al., 2000;Laufs & Liao, 1998;Ohkawara et al., 

2005;Ohkawara et al., 2010). Statin treatment has also been shown to upregulate RhoA 

mRNA and protein expression through a negative feedback loop leading to an increase 

in membrane bound RhoA, at least transiently, after statin withdrawal (Laufs et al., 

2000) Membrane bound RhoA activates ROCK 1 and 2 which mediate constriction 

promoting effects in the SMC by inhibiting MLCP (Khalil, 2010). Statins have also 

been shown to increase eNOS mRNA levels (Aoki et al., 2012;Laufs et al., 1998) and 

RhoA has been shown to reduce eNOS mRNA levels(Laufs & Liao, 1998). Alterations 

in NO bioavailability have been shown to be involved in statin-mediated reduction in 

constrictor responses (Ghaffari et al., 2011;Rossoni et al., 2011;Tian et al., 2011) and 

impairment of vascular function after statin withdrawal (Laufs et al., 2000;Vecchione & 

Brandes, 2002). 

Statin treatment has also been shown to lead to upregulation of HMG-CoA reductase 

mRNA in cell culture (Wu et al., 2010) and in the liver in rodent models (Ness et al., 

1998) including the PR model (Torrens et al., 2009b). Whether the expression remains 

elevated after statin withdrawal is not known but if it does this could lead to increase in 

HMG-CoA reductase activity and thus upregulation of the mevalonate pathway (Liao, 

2002;Takemoto & Liao, 2001;Wang et al., 2008) including upregulation of RhoA 

activity. 
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The previous chapters have shown that early age acute statin treatment can alter 

vascular function both short and long term with the long term changes appearing to be 

due to statin withdrawal. It was hypothesised that statin treatment reduced RhoA 

translocation whereas statin withdrawal increased RhoA translocation through 

upregulation of HMG-CoA reductase. To confirm this protein expression of RhoA was 

investigated as well as the mRNA levels of HMG-CoA reductase, eNOS and genes 

associated with the RhoA pathway. 

5.2 Methods 

5.2.1 RNA extraction, reverse transcription and realtime PCR 

RNA was extracted from liver (30-50 mg) and mesenteric arteries (2 arcades) using 

phenolchloroform extraction as described in Chapter 2. Glycogen was added to 

mesenteric artery samples with isopropanol to aid RNA recovery from the small amount 

of tissue. Mesenteric artery samples were heated at the end of the protocol to help to 

dissolve the RNA extracted. 

Reverse transcription into cDNA was carried out as described in chapter 2. 

Real time PCR was carried out using primers and probes and FAM/TAMRA detection 

system as described in Chapter 2. The primer and probe sequences for each gene can be 

found in Table 2.1. The standards used for generation of the standard curve were 

generated from a pooled sample of cDNA extracted from the liver of the control 

animals. The standards were 100, 50, 25, 12.5, 6.25, 3.125, 1.5625 % dilutions of the 

pooled sample.  

5.2.2 Protein extraction, subcellular fractionation and quantification 

Half an aorta (20-50 mg) form each animal was used for protein extraction and these 

samples were pooled for analysis. Protein was extracted using subcellular fractination 

protocol as described in Chapter 2 to generate whole cell, cytosolic and 

membrane/nuclear fractions. After extraction the samples were quantified using the 

Bradford method as described in Chapter 2. All samples and BSA standards were 

analysed in duplicate. 20 μl of each standard was loaded per well and samples were 

diluted 1:1 in 10 μl of water and 300 μl of Bradford reagent was added. 
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5.2.3 Western blotting 

SDS-PAGE electrophoresis, transfer and Western blotting were run as described in 

Chapter 2. Volume equivalent of 10 μg of protein was loaded into each well. The gel 

was run at 200 V for 30 minutes. The transfer was run at 100 V for 60 minutes. The 

membranes were blocked in 5% BSA. Membrane marker NaKATPase primary antibody 

was diluted 1:5000 and RhoA primary antibody 1:1000.The primary antibody 

incubations were carried out at 4°C overnight. Anti-mouse secondary for NaKATPase 

was diluted 1:12 000 and anti-rabbit for RhoA 1:100 000 and incubated at room 

temperature for 90 minutes. HRP-conjugated β-actin was diluted 1:50 000 and 

incubated for 60 minutes at room temperature. The band intensity was quantified using 

ImageJ as described in Chapter 2. 

5.2.4 Statistics 

All real-time PCR results are expressed as mean ± SEM. The qPCR results for each 

gene were normalised against β-actin that was selected as stable housekeeping gene 

after geNorm and Normfinder analysis (Appendix 4). The differences between the 

groups were analysed using two-way ANOVA. The differences for males and females 

were analysed separately. 

No statistical analysis could be performed on the Western blotting data as the samples 

were pooled. 

5.3 Results 

5.3.1 mRNA expression 

5.3.1.1 Mesenteric arteries 

No differences were seen in HMG-CoA reductase mRNA expression in the 16 week old 

males between the experimental groups (p>0.05 for all factors; Figure 5.1 a). In the 

female mesenteric arteries an increase in HMG-CoA reductase mRNA expression was 

seen in the statin treated animals irrespective of maternal diet (p<0.05 for statin effect, 

significance not maintained following post hoc correction; p>0.05 for maternal diet 

effect and interaction; Figure 5.1 b). 
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Figure 5.1 Relative HMG-CoA reductase mRNA expression in the mesenteric arteries of male (a; C 

n=6; CS n=6, PR n=5, PRS n=5) and female (b; C n=5; CS n=6, PR n=4, PRS n=5) offspring at 16 

weeks; □ non treated offspring, ■ statin treated offspring. * p<0.05 statin treated versus non-

treated. 

Statin treatment increased eNOS mRNA expression in the 16 week old males 

irrespective of maternal diet (p<0.05 for statin effect, significance not maintained 

following post hoc correction;  p>0.05 for maternal diet effect and interaction; Figure 

5.2 a). No differences were seen between the groups in the 16 week old females (p>0.05 

for all factors; Figure 5.2 b). 
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Figure 5.2 Relative eNOS mRNA expression in the mesenteric arteries of male (a; C n=6; CS n=6, 

PR n=5, PRS n=5) and female (b; C n=5; CS n=5, PR n=4, PRS n=5) offspring at 16 weeks; □ non 

treated offspring, ■ statin treated offspring. * p<0.05 statin treated versus non-treated. 

No differences were seen in RhoA mRNA expression in the 16 week old males between 

the experimental groups (p>0.05 for all factors; Figure 5.3 a). In the female mesenteric 

arteries an increase was seen in RhoA mRNA expression in the statin treated animals 

irrespective of maternal diet (p<0.05 for statin effect, significance not maintained 

following post hoc correction; p>0.05 for maternal diet effect and interaction; Figure 

5.3 b). 
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Figure 5.3 Relative RhoA mRNA expression in the mesenteric arteries of male (a; C n=6; CS n=6, 

PR n=5, PRS n=5) and female (b; C n=5; CS n=6, PR n=4, PRS n=5) offspring at 16 weeks; □ non 

treated offspring, ■ statin treated offspring. * p<0.05 statin treated versus non-treated. 

Statin treatment increased ROCK 1 mRNA expression in the 16 week old males 

irrespective of maternal diet (p<0.05 for statin effect, significance not maintained 

following post hoc correction; p>0.05 for maternal diet effect and interaction; Figure 

5.4 a). No significant differences were seen between the groups in the 16 week old 

females (p>0.05 for all factors; Figure 5.4 b). 
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Figure 5.4 Relative ROCK 1 mRNA expression in the mesenteric arteries of male (a; C n=6; CS 

n=6, PR n=5, PRS n=5) and female (b; C n=5; CS n=6, PR n=4, PRS n=5) offspring at 16 weeks; □ 

non treated offspring, ■ statin treated offspring. * p<0.05 statin treated versus non-treated. 

No significant differences were seen between the experimental groups in ROCK 2 

mRNA expression in either males or females (p>0.05 for all factors; Figure 5.5) though 

there was a trend towards interaction in males (p<0.07) and increased expression in the 

statin treated females (p<0.08). 
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Figure 5.5 Relative ROCK 2 mRNA expression in the mesenteric arteries of male (a; C n=6; CS 

n=6, PR n=5, PRS n=5) and female (b; C n=5; CS n=6, PR n=4, PRS n=5) offspring at 16 weeks; □ 

non treated offspring, ■ statin treated offspring. 

The relative expression values for all the tested genes in the mesenteric arteries can be 

found in Table 5.1. 

Males C CS PR PRS 

HMG-CoA reductase 0.60±0.09 0.58±0.07 0.62±0.10 0.62±0.08 

eNOS 26.45±2.75 36.62±2.48* 24.58±3.00 29.82±5.84* 

RhoA 0.54±0.03 0.52±0.03 0.54±0.04 0.54±0.02 

ROCK 1 0.55±0.06 0.93±0.11* 0.70±0.14 0.90±0.17* 

ROCK 2 0.36±0.04 0.45±0.03 0.42±0.04 0.37±0.02 

Females     

HMG-CoA reductase 0.58±0.08 1.06±0.19* 0.48±0.01 0.91±0.19* 

eNOS 14.72±2.37 21.72±4.43 22.04±4.61 16.96±3.81 

RhoA 0.63±0.06 0.86±0.10* 0.53±0.05 0.70±0.07* 

ROCK 1 0.44±0.13 0.64±0.12 0.41±0.10 0.63±0.11 

ROCK 2 0.44±0.13 0.64±0.12 0.41±0.10 0.63±0.11 

Table 5.1 Relative expression values for all the tested genes in the mesenteric arteries of male and 

female offspring. 

5.3.1.2 Liver 

No differences were seen in HMG-CoA reductase mRNA expression in males or 

females at either time point (p>0.05 for all factors; Figure 5.6). 
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Figure 5.6 Relative HMG-CoA reductase mRNA expression in the liver of 5 week old male (a; C 

n=4; CS n=5; PR n=4; PRS n=4) and female (b; C n=4; CS n=5; PR n=4; PRS n=4) and 16 week old 

male (c; C n=6; CS n=6; PR n=5; PRS n=5) and female (d; C n=5; CS n=6; PR n=5; PRS n=6) 

offspring; □ non treated offspring, ■ statin treated offspring. 

For the males at 5 weeks there was interaction in eNOS mRNA levels (p<0.05 for 

interaction, significance not maintained following post hoc correction; p>0.05 for 

maternal diet and statin effect; Figure 5.8 a). No differences were seen in eNOS mRNA 

expression in males at 16 weeks or females at either time point (p>0.05 for all factors; 

Figure 5.7). 
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Figure 5.7 Relative eNOS mRNA expression in the liver of 5 week old male (a; C n=5; CS n=5; PR 

n=4; PRS n=4) and female (b; C n=4; CS n=5; PR n=4; PRS n=4) and 16 week old male (c; C n=6; 

CS n=6; PR n=5; PRS n=5) and female (d; C n=5; CS n=6; PR n=5; PRS n=6)  offspring; □ non 

treated offspring, ■ statin treated offspring. 

No significant differences were seen in RhoA mRNA expression in males or females at 

either time point (p>0.05 for all factors; Figure 5.8) though there was a trend towards 

increased expression in statin treated 5 week old males (p<0.08). 
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Figure 5.8 Relative RhoA mRNA expression in the liver of 5 week old male (; C n=5; CS n=5; PR 

n=4; PRS n=4) and female (b; C n=4; CS n=5; PR n=4; PRS n=4) and 16 week old male (c; C n=6; 

CS n=6; PR n=5; PRS n=5) and female (d; C n=5; CS n=6; PR n=5; PRS n=6) offspring; □ non 

treated offspring, ■ statin treated offspring. 

No differences were seen in ROCK 1 mRNA expression in males or females at either 

time point (p>0.05 for all factors; Figure 5.9). 
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Figure 5.9 Relative ROCK 1 mRNA expression in the liver of 5 week old male (a; C n=5; CS n=5; 

PR n=4; PRS n=4) and female (b; C n=4; CS n=5; PR n=4; PRS n=4) and 16 week old male (c; C 

n=6; CS n=6; PR n=5; PRS n=5) and female (d; C n=5; CS n=6; PR n=5; PRS n=6) offspring; □ 

non treated offspring, ■ statin treated offspring. 

No differences were seen in ROCK 2 mRNA expression in males or females at either 

time point (p>0.05 for all factors; Figure 5.10). 
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Figure 5.10 Relative ROCK 2 mRNA expression in the liver of 5 week old male (; C n=5; CS n=5; 

PR n=4; PRS n=4) and female (b; C n=4; CS n=5; PR n=4; PRS n=4) and 16 week old male (c; C 

n=6; CS n=6; PR n=5; PRS n=5) and female (d; C n=5; CS n=6; PR n=5; PRS n=6) offspring; □ 

non treated offspring, ■ statin treated offspring. 

The relative expression values for all the tested genes in the liver can be found in Table 

5.2 and Table 5.3.  

Males C (n=4/5) CS (n=5) PR (n=4) PRS (n=4) 

HMG-CoA reductase 1.00±0.28 0.81±0.11 1.45±0.16 1.00±0.23 

eNOS 0.23±0.03 0.37±0.05 0.40±0.04 0.29±0.05 

RhoA 0.51±0.03 0.63±0.03 0.62±0.02 0.68±0.09 

ROCK 1 0.58±0.09 0.72±0.12 0.59±0.08 0.72±0.10 

ROCK 2 0.21±0.03 0.20±0.04 0.24±0.02 0.18±0.01 

Females C (n=4) CS (n=5) PR (n=4) PRS (n=4) 

HMG-CoA reductase 1.29±0.21 1.76±0.40 1.28±0.19 0.94±0.06 

eNOS 0.19±0.04 0.24±0.03 0.25±0.04 0.25±0.03 

RhoA 0.75±0.05 0.86±0.13 0.72±0.14 0.71±0.06 

ROCK 1 0.70±0.12 0.88±0.15 0.74±0.12 0.77±0.13 

ROCK 2 0.24±0.06 0.24±0.05 0.18±0.03 0.22±0.02 

Table 5.2 Relative expression values for all the tested genes in the liver of 5 week old male and 

female offspring. 
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Males C (n=6) CS (n=6) PR (n=5) PRS (n=5) 

HMG-CoA reductase 1.65±0.23 1.89±0.36 1.87±0.29 1.72±0.54 

eNOS 1.62±0.36 1.61±0.08 1.47±0.28 1.48±0.16 

RhoA 0.77±0.10 1.00±0.16 0.72±0.07 0.88±0.10 

ROCK 1 1.63±0.25 1.60±0.25 1.38±0.08 1.65±0.18 

ROCK 2 0.25±0.04 0.28±0.03 0.23±0.03 0.21±0.01 

Females C (n=5) CS (n=6) PR (n=5) PRS (n=6) 

HMG-CoA reductase 1.96±0.51 1.82±0.16 2.38±0.36 2.59±0.29 

eNOS 1.27±0.12 1.68±0.37 1.33±0.22 1.19±0.18 

RhoA 1.82±0.76 1.46±0.34 1.69±0.46 1.43±0.11 

ROCK 1 0.45±0.12 0.41±0.05 0.46±0.10 0.42±0.07 

ROCK 2 0.23±0.08 0.16±0.02 0.22±0.05 0.19±0.04 

Table 5.3 Relative expression values for all the tested genes in the liver of 16 week old male and 

female offspring. 

5.3.2 RhoA protein expression in the aorta 

For the protein analysis tissue from all the animals in each group was pooled and 

processed as one. The number of animals that tissue came from in each groups was as 

follows: five week old males C n=5, CS n=5, PR n=4, PRS n=4; five week old females 

C n=4, CS n=5, PR n=4, PRS n=5; sixteen week old males C n=6, CS n=6, PR n=5, 

PRS n=5; sixteen week old females C n=5, CS n=6, PR n=5, PRS n=6. 

5.3.2.1 Whole cell expression 

The levels of RhoA protein as expressed against β-actin in the pooled samples of the 5 

week old males was similar across the groups (RhoA/β-actin: C 0.28; CS 0.34; PR 0.31; 

PRS 0.32; Figure 5.11 a). In the 5 week old female pooled samples considerably higher 

levels were detected in the C offspring, though this was at least partially due to low β-

actin signal. Levels in the PRS group appeared somewhat elevated against CS and PR 

groups (RhoA/β-actin: C 1.14; CS 0.30; PR 0.27; PRS 0.38; Figure 5.11 a). 

In the 16 week old males the expression in the pooled samples did not vary much 

between groups though maternal protein restriction and statin appeared to increase 

expression somewhat (RhoA/β-actin: C 0.25; CS 0.31; PR 0.36; PRS 0.40; Figure 5.11 

b). In the 16 week old females again expression in the pooled samples was similar 

though statin appeared to reduce expression slightly (RhoA/β-actin: C 0.27; CS 0.18; 

PR 0.25; PRS 0.22; Figure 5.11 b). 
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Figure 5.11 RhoA protein expression in the whole cell aortic lysates in the males and females at 5 

(a) and 16 weeks (b). 

5.3.2.2 Subcellular fractionation 

Membrane fractionation of the pooled samples was successful as assessed by the 

expression of the membrane marker NaKATPase. Strong bands were detected around 

the expected 112 kDa in the membrane fractions of males and females at 5 and 16 

weeks (Figure 5.12). In the 16 week samples a band was also detected in the cytosolic 

fraction though these were somewhat higher molecular weight and considerably fainter. 

β-actin was detectable in all samples. 
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Figure 5.12 Sodium potassium ATPase protein expression in the cytosolic (CF) and membrane 

fractions (MF) in the 5 week old male (a) and female (b) and 16 week old male (c) and female (d) 

offspring 

5.3.2.3 Membrane localisation of RhoA 

In the 5 week old males cytosolic RhoA expression in the pooled samples was reduced 

in the PRS group with the other groups showing a fairly uniform expression (RhoA/β-

actin: C 0.46; CS 0.47; PR 0.48; PRS 0.23; Figure 5.13 a) whereas the membrane bound 

RhoA appeared increased in the PRS group (RhoA/β-actin: C 0.07; CS 0.08; PR 0.06; 

PRS 0.15; Figure 5.13 a). 

In the 5 week old females cytosolic RhoA expression in the pooled samples was 

reduced in both of the PR offspring groups and more so in the statin treated ones 
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(RhoA/β-actin: C 0.77; CS 0.81; PR 0.60; PRS 0.41; Figure 5.13 b). In the membrane 

fraction expression was again decreased in the PR groups but this time PRS showed 

slightly higher expression than PR (RhoA/β-actin: C 0.22; CS 0.20; PR 0.14; PRS 0.17; 

Figure 5.13 b). 
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Figure 5.13 RhoA protein expression in the cytosolic (CF) and membrane fractions (MF) in the 5 

week old male (a) and female (b) offspring 

In the 16 week old males both of the protein restricted groups the cytosolic RhoA 

protein expression in the pooled samples appeared slightly increased as compared to the 

control groups (RhoA/β-actin: C 0.77; CS 0.71; PR 0.92; PRS 0.90; Figure 5.14 a). 

Again in the membrane fraction expression appeared higher in the protein restricted 

groups and also the statin treated groups showed a reduction in expression in each 

maternal diet group (RhoA/β-actin: C 0.67; CS 0.59; PR 0.85; PRS 0.71; Figure 5.14 a). 

In the 16 week old females cytosolic expression of the pooled samples was reduced in 

the PR group with the other groups showing fairly uniform expression (RhoA/β-actin: C 

0.23; CS 0.24; PR 0.15; PRS 0.22; Figure 5.14 b). No comparisons could be made on 

membrane fraction expression as no signal could be detected (Figure 5.14 b). 
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Figure 5.14 RhoA protein expression in the cytosolic (CF) and membrane fractions (MF) in the 16 

week old male (a) and female (b) offspring. 

5.4 Discussion 

Statin treatment and its withdrawal have both been shown to lead to alterations in 

mRNA and protein levels. Possible molecular changes behind the altered function at 

five and sixteen weeks were investigated. This part of the study showed alterations in 

mRNA expression of several different genes in statin treated animals, especially in the 
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mesenteric arteries at 16 weeks. Protein expression and membrane translocation of 

RhoA was investigated as well, though no clear differences could be detected. Summary 

of the mRNA data is presented in Table 5.4. 

   5 week liver 16 week liver 
16 week 

mesenterics 

    Males Females Males Females Males Females 

HMG-CoA 
reductase 

PR           

S           ▲ 

eNOS 
PR #          

S #       ▲   

RhoA 
PR           

S ▲         ▲ 

ROCK 1 
PR           

S         ▲  

ROCK 2 
PR           

S          ▲ 

Table 5.4 Summary of mRNA levels in the liver and mesenteric arteries. ▲ increased mRNA levels, 

▲ p<0.05, ▲ p<0.1,  # interaction but no differences between groups detected by Bonferonni’s 

multiple comparisons test. 

In the mesenteric arteries of the 16 week old females HMG-CoA reductase mRNA 

levels were increased in the statin treated C and PR offspring though no changes were 

seen in the male arteries. This indicates sustained upregulation of HMG-CoA reductase 

expression in the mesenteric arteries several weeks after withdrawal of statin treatment. 

This could explain the increased constriction observed in the adult offspring as 

upregulation of HMG-CoA reductase at mRNA level could lead to increased 

mevalonate synthesis. Upregulation of the mevalonate synthesis end products would 

allow increased RhoA membrane localisation among other effects (Takemoto & Liao, 

2001;Wang et al., 2008). No changes were seen in the mRNA expression of HMG-CoA 

reductase in the liver at either time point. This is in contrast to previous studies as 

hepatic HMG-Co A reductase mRNA levels have been shown to be increased in mature 

rats after chronic treatment at twenty weeks (Torrens et al., 2009b) and after three day 

treatment in adolescent rats (Ness et al., 1998) likely through the negative feedback 

loop from mevalonate downstream targets. The current findings suggest that two week 

statin treatment in young rats is not enough to lead to upregulation of HMG-CoA 

reductase mRNA levels in the liver either short or long term. As HMG-CoA reductase 

gene expression is regulated by the downstream products of the mevalonate pathway 

(Goldstein & Brown, 1990) this could be an indication that statin treatment or 

withdrawal did not induce great alterations in the mevalonate pathway end products in 
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the liver. The 10 mg / kg of atorvastatin a day has been shown to be a sufficient dose to 

alter HMG-Co A reductase mRNA levels (Torrens et al., 2009b) but as de novo 

cholesterol synthesis is increased during early life (Dietschy et al., 1993), with highest 

levels immediately post weaning (Smith et al., 1995), this dose might not have been 

high enough in the adolescent rats to allow the feedback loop mediated increase in 

HMG-CoA reductase mRNA. The differential effects seen in the liver and mesenteric 

arteries in the 16 week old female offspring could be explained by atorvastatin 

lipophilicity as this would allow localised effects. 

Increased expression of mRNA levels of the RhoA pathway genes were observed in the 

mesenteric arteries at 16 weeks though the genes affected varied between the sexes. In 

the female offspring RhoA mRNA levels were increased in the statin treated offspring 

and in the male offspring same was seen with ROCK 1 mRNA levels. Also in the 

female offspring trend towards increased levels were seen in ROCK 2 mRNA levels. No 

changes were seen in the mRNA expression of RhoA, ROCK 1 or ROCK 2 in the liver 

at either time point indicating statins localised effects again though a trend towards 

increased RhoA mRNA levels were observed in the liver of the five week old males 

possibly indicating mild short term upregulation of RhoA mRNA levels due to statin 

treatment. These results indicate sustained upregulation of the RhoA pathway genes 

after withdrawal of early age acute statin treatment in mesenteric arteries. Also for the 

first time, in addition to increase in RhoA mRNA expression, statin related increase has 

been shown in mRNA levels of the RhoA target protein levels, ROCK 1 and 2. The 

upregulation of RhoA and the ROCK mRNA levels could account for the increased 

constriction observed in the mesenteric arteries at sixteen weeks if translated into 

protein and activity levels. Inhibition of RhoA activity by statins is known to upregulate 

RhoA mRNA and cytosolic protein levels through a negative feedback loop (Figure 

5.15 (Laufs et al., 2000) and in the current study statin inhibition of RhoA 

isoprenylation during statin treatment could have lead to sustained upregulation of 

mRNA levels of RhoA pathway genes observed 
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Figure 5.15 RhoA regulation and statins. RhoA maintains smooth muscle constriction by inhibiting 

myosin light chain (MLC) phosphorylation.  This inhibits RhoA activity through a negative 

feedback loop by inhibiting RhoA mRNA levels. Statin treatment inhibits RhoA activity and thus 

leads to accumulation of RhoA mRNA and cytosolic protein. 

RhoA protein levels and membrane translocation were investigated to confirm whether 

statin treatment and withdrawal could alter RhoA activity levels in the aorta. Because of 

the small amount of tissue available the samples were pooled for each experimental 

group and thus no statistical testing could be carried out. In the five week old offspring 

indication of increased membrane translocation was seen in PRS group in both males 

and females. In the males the expression was reduced in the cytosol and increased in the 

membrane fraction as compared to other groups. In the females the increase in 

membrane fraction was not as clear when compared to the other groups but there was a 

relative increase when membrane was compared to cytosol. This does not correspond to 

the functional results as no changes were seen in females and in males reduced 

constriction was observed. In the sixteen week old males no clear differences were 

apparent. In the females no RhoA protein was observed in the membrane and only the 
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amount of RhoA in the cytosol could be assessed. The whole cell RhoA levels did not 

reflect the mRNA expression and expression was fairly equal across groups. Due to 

pooling of the protein samples no statistical testing could be performed in the current 

study and the data does not show clear differences in protein levels between the groups. 

It might be possible to analyse the data by using an n-number as the number from which 

the samples came from. As the statcistical analysis would also require SEM this would 

have to be artificially determined thus reducing the reliability of the results. Thus the 

current study cannot confirm whether early age statin treatment and its withdrawal can 

alter RhoA protein expression short or long term in the aorta. 

Early age acute statin treatment increased eNOS mRNA expression in the mesenteric 

arteries of the male offspring at sixteen weeks. Increase in NO availability was not 

indicated in the mesenteric artery function though impaired endothelial function has 

also been shown to lead to upregulation of eNOS mRNA levels (Munzel et al., 2005) 

and in a similar manner increase in constriction in the current study could have led to 

upregulation of the eNOS mRNA levels. This evidence indicates that any changes in 

constriction in response to early age acute statin treatment are unlikely to be mediated 

through alterations in eNOS mRNA levels, either short or long term, and supporting the 

lack of changes in endothelium dependent relaxation in response to statin treatment at 

either time point. Further investigation of eNOS protein and cGMP and sGC levels, 

especially as changes in cGMP and sGC levels could explain differences seen in SNP 

responses, would have given a more comprehensive understanding of the factors 

controlling vasorelaxation but mainly due to time limitations this was not done as part 

of the current study. 

These data show alterations in gene expression after early age acute statin treatment, 

several weeks after discontinuation of the treatment. As mesenteric artery function at 

five weeks was not investigated no samples were collected for molecular analysis either, 

thus it cannot be confirmed whether the upregulation of mRNA levels occurred during 

statin treatment leading to sustained upregulation of these genes or whether the 

upregulation occurred as a result of the withdrawal.  The former appears the likelier 

option as statins are known to upregulate HMG-CoA reductase mRNA levels (Torrens 

et al., 2009b) as well as RhoA mRNA levels which have also been shown to remain 

elevated at least transiently in adult rodents following statin withdrawal (Laufs et al., 
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2000). The upregulation of the genes shown in the current study would not alter 

function during statin treatment as statins inhibit the activity of the proteins, but after 

statin withdrawal the increase in gene expression could lead to an increase in the 

activity and thus increase in constriction. The n-numbers were small in the current study 

and it is possible that the many trends observed in the mRNA levels could have been 

brought out to be significant should the n-numbers have been higher. 

It has shown that early age acute statin treatment and withdrawal can induce long term 

changes in mRNA levels of genes whose activity at protein level can be altered by 

statins. The upregulation of these genes is more prominent in the mesenteric arteries 

than in the liver. Pooled Western blotting data was not able to confirm whether statins 

altered RhoA protein expression or membrane translocation in the aorta in the current 

study. The data from the mRNA expression experiments indicate that upregulation of 

the RhoA pathway could underlie the increased maximal constriction observed in the 

sixteen week old animals.



  Chapter 6 

 107  

Chapter 6 Discussion 
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The current study shows that early age acute statin treatment can have both short and 

long term effects on cardiovascular function and molecular markers in rats. Early age 

acute statin treatment reduced vasoconstriction in the adolescent offspring whereas 

increased vasoconstriction was observed in the adult offspring. It is indicated that the 

long term effects have arisen as a consequence of the withdrawal rather than being a 

direct effect of the statin treatment. These data add to the emerging evidence of rebound 

effect after statin withdrawal demonstrated by clinical trials and animal studies. This 

study indicates that upregulation of the RhoA pathway is part of the mechanisms behind 

the effects of statin withdrawal. 

Maternal PR did not impair vascular function in the current study though this has been 

demonstrated several times previously. No impairment of vascular function was 

detected in the form of increase in blood pressure or endothelial dysfunction. The 

likelihood is that the new diet and the possibly increased food intake in the PR dams 

ameliorated the differences usually apparent in this model. The possible reasons behind 

the lack of these changes were discussed in the respective chapters. As impairment of 

vascular function was not detected in the current study the effect of treatment and 

withdrawal could not be confirmed in a disease model.  

This discussion will concentrate on the possible mechanisms behind the effects of early 

age acute statin treatment and its withdrawal. As the main findings of the current study 

concerning the statin effects were broadly similar in the two sexes this discussion will 

not differentiate between males and females with exception of some key differences. 

The clinical implications of the results of the current study will also be discussed.  

6.1 Effects of early age acute statin treatment and withdrawal 

Animal studies and clinical trials have demonstrated that both secondary and primary 

prevention of CVD with statins is due to their cholesterol lowering and pleiotropic 

properties (Law et al., 2003;Ridker et al., 2001;Ridker et al., 2008b;Shepherd et al., 

1995;Torrens et al., 2009b). Although the current study has demonstrated beneficial 

effects after short term statin treatment at an early age, supporting previous data, it has 

also indicated that withdrawal of the statin treatment at a young age can be detrimental 

to the vascular function by leading to increased vasoconstriction later in life. 
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Studies both in humans and rodents have demonstrated that withdrawal of statin 

treatment can have detrimental effects on vascular function. Studies in humans have 

shown an increase in event rates and mortality up to six months after statin withdrawal 

(Dowlatshahi et al., 2012;Heeschen et al., 2002) and an increase in all cause mortality 

was shown in a study based on records of up to a year after withdrawal (Daskalopoulou 

et al., 2008). Withdrawal of statin after a four week treatment period has also been 

shown to reduce flow mediated dilation (Chen et al., 2009). The effect of statin 

withdrawal on cholesterol has been investigated but increase has not been shown above 

pretreatment levels though increase has been shown compared to during treatment 

levels. Pretreatment data has not been available for all studies (Puccetti et al., 2003) 

though a steady rise in cholesterol and platelet aggregation was shown for sixty days 

following statin withdrawal. It is also possible that the follow up period has not been 

long enough to detect changes, the cholesterol levels having been investigated one and 

six weeks after withdrawal (Chen et al., 2009;Pappu et al., 2003). Data from animal 

studies show that withdrawal of statin treatment can impair vascular function, decrease 

NO bioavailability, increase oxidative stress and platelet activation and accelerate 

progression of diabetes and pancreatic fibrosis (Gertz et al., 2003;Laufs et al., 

2000;Otani et al., 2010;Vecchione & Brandes, 2002). The current study in rodents 

supports previous reports that statin withdrawal can lead to a rebound effect and impair 

vascular function. 

6.1.1 Timing of treatment and withdrawal 

The clinical trials investigating statin withdrawal have looked at the effects up to a year 

after withdrawal thus far providing no evidence of the permanency of the effect. 

Contradictory to the results from the withdrawal studies, follow ups of statin trials have 

shown long term protective effects as a reduced mortality and event rates up to five 

years after the end of trial period (Bulbulia et al., 2011;Ford et al., 2007). These follow 

up studies were not designed to look at statin withdrawal and in analysis took into 

account only the in-trial statin use without correcting for after trial statin use. As a 

higher proportion of subjects from the statin-treated group were on statins than of the 

placebo group at the time of the follow up, the results of these studies may reflect a 

protective effect of longer term statin treatment rather than sustained protection after 

withdrawal. 
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The data from animal studies are conflicting concerning the permanency of the rebound 

effect. Some of the studies suggest that the effects of statin withdrawal are transient 

(Gertz et al., 2003;Laufs et al., 2000;Vecchione & Brandes, 2002) while others show 

long term effects (Otani et al., 2010). The transient effects were shown on a range of 

vascular parameters whereas the long term effects were shown in metabolic parameters 

relating to diabetes or development of pancreatic fibrosis. It is a possibility that the 

effect of statin withdrawal could vary between different physiological aspects although 

long term changes were seen in vascular parameters in the current study. It is more 

likely though that the differences in the length of the treatment period explain the 

differences in the longevity of the withdrawal effect. The length of the treatment was 

only two weeks in the studies with the transient effects whereas the long term effects 

were seen after a treatment period of 16 weeks. In contrast in the current study long 

term effects were shown after short term (two weeks) treatment. The current study 

differs from the others in the timing of the treatment in that the treatment and 

withdrawal occurred in adolescent animals. In all the other animal studies statin 

treatment and withdrawal was studied in mature animals. Early age withdrawal was 

investigated in the current study as developmentally induced disease models have 

shown that alterations in environmental parameters during development can have long 

reaching implications on vascular function. In a similar manner to alterations in 

maternal diet short term statin treatment and withdrawal during development was shown 

to have long term effects in the current study in contrast to the transient withdrawal 

effects following short term treatment in mature animals. This could have implications 

on statin prescription for children and on maternal statin treatment during pregnancy 

and lactation. Treatment of high fat fed dams with statins during pregnancy, though, has 

been shown to have beneficial effects on the offspring vascular function (Elahi et al., 

2008). As hydrophilic pravastatin was used the treatment should not have had direct 

effects on the offspring but the maternal parameters were improved considerably. Thus 

it is likely that the improvement in the offspring parameters was due improved 

cardiovascular parameters in the dams. The current study adds to the understanding of 

the importance of timing of the withdrawal and the longevity of the effect. 
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6.1.2 Involvement of nitric oxide 

Ability to increase NO bioavailability appears to be one of statins most important 

pleiotropic properties (Aoki et al., 2012;Feron et al., 2001;Kansui et al., 2004;Wenzel et 

al., 2008) and inhibition of NO synthesis can increase constriction (Dresner et al., 

1997;Vo et al., 1992), suggesting that statins can reduce constriction via increased NO 

bioavailability. Increased NO bioavailability has been implicated in studies showing 

reduced constrictor response in aortae and renal arteries of statin treated animals (Tian 

et al., 2011) and mesenteric arteries incubated with statins (Ghaffari et al., 

2011;Rossoni et al., 2011). Thus the reduction in constriction observed at five weeks in 

the current study could have been due to increased NO bioavailability (Figure 6.1 a). As 

reduced NO bioavailability has been shown after statin withdrawal (Vecchione & 

Brandes, 2002) this could have explained the increase in constriction in the mature 

animals (Figure 6.1 b). In the current study no apparent changes were seen in 

endothelium-dependent relaxation in statin treated animals neither at the end of the 

treatment nor eleven weeks after withdrawal and this does not support an increase in 

NO bioavailability. These results are in contrast to previous data where an increase in 

endothelium-mediated relaxation has been shown in statin treated animals (Kansui et 

al., 2004;Torrens et al., 2009b) and impairment has been shown after withdrawal 

(Vecchione & Brandes, 2002). The molecular data in the current study does not support 

alterations NO bioavailability either as no changes were seen in eNOS mRNA levels. 

The mRNA levels are not necessarily indicative of NO levels as eNOS can be regulated 

at protein and activity levels although reduced NO bioavailability in oxidative stress has 

been shown to upregulate eNOS mRNA levels even when eNOS activity is increased 

(Munzel et al., 2005). The molecular and functional data available in the current study 

do not support alterations in NO bioavailability. 
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Figure 6.1 Nitric oxide (NO) as the mechanism mediating the effects of the early age acute statin 

treatment and withdrawal. a) Statin treatment increases NO bioavailability via upregulation of 

endothelial nitric oxide synthase (eNOS) in the endothelial cells (EC). NO induces relaxation in the 

smooth muscle which can counteract vasoconstriction. b) After statin withdrawal NO 

bioavailability and relaxation is reduced allowing increased constriction. 

6.1.3 Involvement of the smooth muscle 

Statin treatment and withdrawal have also been shown to have an effect on smooth 

muscle function and these changes could explain the altered function observed in the 

current study. Increased vasoconstriction was shown in response to both PE and ET in 

the mesenteric arteries and these both induce constriction via GPCR leading to Ca
2+

 

release from the intracellular stores. Interestingly, there is some evidence that statins can 

increase intracellular Ca
2+

 levels, at least in cell culture (Cheng et al., 2003;Mutoh et 

al., 1999). The increase in Ca
2+

 by statins has been shown to occur via increase in 

phospholipase C (PLC) phosphorylation (Mutoh et al., 1999) which PE and ET 

receptors activate to induce constriction (Figure 1.2). It is therefore a possibility that 

statin treatment leads to an increase in PLC phosphorylation which is maintained after 

statin withdrawal (Figure 6.2). This mechanism could explain the increase in 

vasoconstriction observed at sixteen weeks but if so, constriction at five weeks would 

also have been expected to be increased. In contrast to these studies showing statin 

induced increase in Ca
2+

 statin have also been shown to reduce Ca
2+

 release. Fluvastatin 
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has been shown to reduce Ca
2+

 release from the sarcoplasmic reticulum in myofibres 

(Tanaka et al., 2010) and atorvastatin reduces plasma Ca
2+

 levels in a rat model of 

vascular calcification (Li et al., 2010). Considering that majority of data from other 

studies indicates that statins reduce intracellular Ca
2+

 and that vasoconstriction was 

reduced in the five week old offspring statin induced increase in Ca
2+

 via PLC 

phosphorylation appears an unlikely mechanisms behind the increased vasoconstriction 

in the current study. 
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Figure 6.2 Phospholipase C (PLC) as the mechanism mediating the early age acute statin treatment 

and withdrawal effects. Statins induce PLC phosphorylation in vascular smooth muscle cells (SMC) 

which leads to an increase in intracellular Ca
2+

.  This activates myosin light chain (MLC) and 

constriction. If the increase in PLC phosphorylation was sustained following statin withdrawal this 

could explain the increase in vasoconstriction. 

Changes in the vasoconstriction could also be explained by changes in the Ca
2+

-

independent constriction pathway. Both PE and ET maintain vasoconstriction via the 

RhoA pathway. The mevalonate pathway is important in the posttranscriptional 

modification of RhoA that allows it to become membrane bound and be activated by 

GPCRs (Figure 1.2) (Zhou & Liao, 2010). Several studies have shown reduction in 

RhoA activity during statin treatment (Laufs et al., 2000;Ohkawara et al., 

2010;Yokoyama et al., 2002). Statins have also been shown to reduce constriction 

independent of the endothelium while implicating the inhibition of posttranscriptional 

modification of RhoA and its activity (Kuzuya et al., 2004). Statins have also been 

demonstrated to have effects on RhoA downstream targets, ROCKs, by reducing their 

activity (Liu et al., 2012a) probably because of reduction in their activation due to 

inhibition of RhoA. Also statin treatment has been shown to increase RhoA protein 



Chapter 6 

 114 

expression  with reduction in RhoA membrane translocation whereas after statin 

withdrawal membrane translocation of RhoA has been shown to be elevated (Gertz et 

al., 2003;Laufs et al., 2000). Thus alterations in the RhoA pathway could explain the 

changes in vasoconstriction observed in the current study. Unlike in the previous studies 

no changes were seen in membrane the translocation of RhoA at either time point in the 

aorta though the pooling of the samples could have masked any differences. Also 

though no changes were observed in RhoA protein levels in the aortae it does not mean 

that no changes occurred in the mesenteric arteries where the increase in constriction 

following statin withdrawal was more prominent. The mRNA levels of the RhoA 

pathway genes in the mesenteric arteries also support the upregulation of this pathway 

as the mechanism behind the increase in constriction in this vascular bed. Previous 

studies have shown upregulation of RhoA at mRNA levels contributing to increased 

protein levels following statin treatment (Laufs et al., 2000).(Laufs et al., 2000) This is 

the first study to show changes in mRNA levels of RhoA target genes, ROCKs, 

following statin treatment and withdrawal. This indicates that statin treatment and 

withdrawal can induce molecular changes on pathways downstream of the mevalonate 

pathway end products. The current study indicates that alterations in the RhoA and its 

targets’ mRNA levels in the mesenteric arteries contribute to the increased 

vasoconstriction following early age acute statin treatment and withdrawal. 

Also there is some evidence that direct inhibition of ROCK can protect aspects of 

EDHF response as did statin incubation of these arteries (McNeish et al., 2012). Thus 

increased RhoA pathway activity could also account for increased constriction in the 

mesenteric arteries due to inhibition of the EDHF mediated relaxation. The relative 

contribution of the EDHF was not investigated in the current study but it would be 

expected to have an effect on the overall relaxation and no differences were seen in this 

in the current study. Also other studies have indicated that statins do not alter the EDHF 

response (Kansui et al., 2004;Brandes et al., 1999) alterations in the EDHF response are 

not indicated in the current study. 

6.1.4 Upregulation of the RhoA pathway 

There are some possibilities as the mechanism behind the upregulation of the RhoA 

pathway. Most of the aspects of these possible mechanisms were not investigated in the 

current study but some inferences can be made based on data from other studies and 
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aspects examined. Statins inhibit RhoA geranylation via inhibition of HMG-CoA 

reductase (Zhou & Liao, 2010) and statin treatment has been shown to upregulate 

HMG-CoA reductase at least at mRNA level (Torrens et al., 2009b), likely through a 

negative feedback loop by mevalonate pathway endproducts (Figure 6.3 a). 

Upregulation of HMG-CoA reductase following statin withdrawal could lead to 

upregulation of RhoA activity (Figure 6.3 b) and provided that the upregulation of 

HMG-CoA reductase was sustained this could explain the increased constriction at 

sixteen weeks. No upregulation of HMG-CoA reductase mRNA was detected in the 

liver of the acutely treated adolescent or mature animals in the current study in contrast 

to previous reports (Ness et al., 1998;Torrens et al., 2009b). Upregulation was shown in 

the female offspring mesenteric arteries. Thus there is some evidence that HMG-CoA 

reductase activity could be increased following statin withdrawal. Considering statins 

pleiotropic effects and the numerous downstream targets of mevalonate, increase in 

HMG-CoA reductase could have contributed to the increase in constriction via 

pathways other than RhoA and could have had effects on other aspects than just 

increase in constriction. Increase in cholesterol might have been expected in such a 

situation, at least if HMG-CoA reductase upregulation occurred in the liver. Previous 

studies in this model though do not support alterations in cholesterol levels at least 

during statin treatment (Torrens et al., 2009b). Processes such as inflammation and 

oxidative stress could have been increased and these could have been expected to alter 

NO bioavailability. As discussed above, alterations in NO levels do not appear likely 

thus not indicating changes in inflammation or oxidative stress. As the involvement of 

inflammation and oxidative stress were not directly investigated in the current study 

alterations in these processed cannot be conclusively ruled out. Though HMG-Co A 

reductase can alter RhoA activity by allowing its membrane translocation, upregulation 

of HMG-Co A reductase cannot explain the increased mRNA levels of the RhoA 

pathway genes. 



Chapter 6 

 116 

a b

MLC

RhoA

Statins

Constriction

HMG-Co 

A R

RhoA

HMG-Co A R 

mRNA

MLC

RhoA

Constriction

HMG-Co 

A R

HMG-Co A R 

mRNA

HMG-Co 

A R

a b

MLC

RhoA

Statins

Constriction

HMG-Co 

A R

RhoA

HMG-Co A R 

mRNA

MLC

RhoA

Constriction

HMG-Co 

A R

HMG-Co A R 

mRNA

HMG-Co 

A R

 

Figure 6.3 HMG-Co A reductase (HMG-Co A R) as the mechanism mediating the early age acute 

statin treatment and withdrawal effects. a) HMG-CoA reductase contributes to smooth muscle cell 

constriction by allowing isoprenylation and membrane translocation of RhoA. Statins inhibit 

HMG-CoA reductase activity and thus RhoA membrane translocation and can reduce constriction. 

Inhibition of HMG-Co A reductase activity leads to upregulation of its mRNA levels through a 

negative feedback loop by the mevalonate pathway end products.  b) After statin withdrawal 

increased activity of HMG-Co A reductase could allow increased RhoA membrane translocation 

and thus constriction. 

Increased mRNA levels could be explained by altered histone deacetylation. Statins 

have been shown to alter histone deacetylase (HDAC) activity in cell culture though the 

data is contradictory as to which way. Some studies indicate that statins can increase 

HDAC activity (Dje et al., 2009;Schmeck et al., 2008) whereas others indicate statins 

reduce this (Ishikawa et al., 2010;Lin et al., 2008). Data from functional studies and 

clinical trials indicates that HDAC inhibition has beneficial effects on vascular function. 

HDAC inhibition has been shown to reduce blood pressure and vasoconstriction in the 

sponataneously hypertensive rat (Usui et al., 2012) and reduce bronchoconstriction in 

human tissue (Banerjee et al., 2012). Thus HDAC inhibition appears to be beneficial for 

cardiovascular function in disease and thus inhibition of HDAC in vivo by statins 

appears more likely. Inhibition of HDAC has been shown to alter RhoA pathway 

mRNA and protein levels in cell culture thus statin-mediated changes in HDAC activity 

could explain the changes in mRNA levels of the RhoA pathway genes. HDAC 

inhibition has been shown to upregulate MLC phosphorylation and upregulation of 

ROCK 1 mRNA and protein levels appeared to contribute to this (Kim et al., 2005) but 

HDAC inhibition has also been shown to reduce RhoA activity (Shieh et al., 2012). 
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Again considering the in vivo data on HDAC inhibition, HDAC activation of the RhoA 

pathway appears more likely. Even though these data are contradictory it shows that 

HDAC can have an effect on RhoA itself as well as its target genes. Based on these data 

inhibition of HDAC activity could account for the reduced constriction at five weeks 

whereas upregulation of HDAC levels and activity could explain the increased 

constriction at sixteen weeks (Figure 6.4). This would require sustained upregulation of 

HDAC activity. The effect of statin withdrawal on HDAC levels or activity has not been 

explored yet. Data concerning statins and HDAC activity are contradictory and thus 

alterations in HDAC activity as the mechanism behind the changes observed in the 

current study should be approached with caution. 

a b

MLC

RhoA
Statins

Constriction

HDAC

MLC

RhoA

Constriction

HDAC

HDAC

HDAC

a b

MLC

RhoA
Statins

Constriction

HDAC

MLC

RhoA

Constriction

HDAC

HDAC

HDAC

 

Figure 6.4 Histone deacetylase (HDAC) as the mechanism mediating the early age acute statin 

treatment and withdrawal effects. a) Statin-mediated inhibition of HDAC activity and thus indirect 

inhibition of RhoA in addition to direct inhibition of RhoA by statins could account for the reduced 

constriction observed at five weeks in the current study. b) Sustained increase in HDAC levels and 

activity following statins withdrawal could increase RhoA pathway activity and thus constriction. 

It is also possible that changes in the RhoA pathway gene mRNA levels were induced 

following statin-induced changes in vascular function. RhoA has been shown to be 

upregulated at several levels by the actin cytoskeleton (Laufs et al., 2000).(Laufs et al., 

2000) Thus reduced constriction at five weeks, possibly due reduced RhoA activity, 

could have induced an increase in RhoA mRNA and protein expression, which had no 

effect due to statin-mediated inhibition of RhoA function at the time (Figure 6.5 a). 

After statin withdrawal though the increase in RhoA mRNA and protein levels could 

have led to increased RhoA membrane translocation and thus constriction as has been 
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shown before (Figure 6.5 b) (Laufs et al., 2000). The current study shows increased 

mRNA expression of RhoA targets, as well as RhoA itself, and it is possible that these 

could be regulated by the same negative feedback loop that has been shown to 

upregulate RhoA (Laufs et al., 2000). Thus sustained upregulation of the RhoA pathway 

genes following reduced constriction at five weeks could have explained the increased 

constriction at sixteen weeks. 
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Figure 6.5 RhoA as the mechanism mediating the early age acute statin treatment and withdrawal 

effects. a) RhoA maintains phosphorylation of myosin light chain (MLC) and thus promotes 

constriction. Increased constriction, on the other hand, maintains a negative feedback loop to RhoA 

by inhibiting RhoA mRNA expression. In the presence of statins RhoA prenylation, and thus 

activity, is inhibited leading to upregulation of RhoA mRNA and accumulation of cytosolic, 

inactive, RhoA. b) After statin withdrawal RhoA can be prenylated again and due to the 

accumulation of the protein in the cytosol this leads to increase in constriction. 

The different possible mechanism mediating upregulation of the RhoA pathway have 

been discussed above. Of these mechanisms the upregulation of HMG-Co A reductase 

appears the least likely as it does not explain the changes observed in RhoA and ROCK 

mRNA levels. The direct upregulation of the RhoA via negative feedback loop from the 

actin cytoskeleton appears the most likely as it is best supported by data from other 

studies. All the mechanisms though require sustained upregulation of the genes in 

question. 
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6.1.5 Epigenetic mechanisms 

Sustained long term upregulation of gene expression could be induced by epigenetic 

mechanism such as methylation. Prenatal environment can induce methylation changes 

as has been shown in famine exposed humans (Heijmans et al., 2008) and the PR 

offspring (Lillycrop et al., 2008). Also postnatal environment has been shown to be able 

to induce changes in methylation; maternal grooming behaviour has been shown to alter 

stress response in 90 day old offspring with changes in gene methylation (Bagot et al., 

2012;Weaver et al., 2004;Weaver et al., 2005) and this was also associated with 

alterations in histone acetylation. Infusion of HDAC inhibitor or methionine in mature 

animals can reverse some of the effects on gene expression and behaviour (Weaver et 

al., 2004;Weaver et al., 2005;Weaver et al., 2006) although the longevity of this effect 

has not been investigated beyond two weeks. Methylation changes induced by IUGR 

have been shown to be permanently reversed by postnatal treatment with a GLP-1 

analogue, used for treatment of diabetes, from day one to six and again changes were 

seen in histone acetylation as well (Pinney et al., 2011). A high fat diet from weaning 

has also been shown to alter gene methylation in adult animals (Vucetic et al., 2011). 

These studies indicate that long term epigenetic changes can be induced in early 

postnatal life and possibly even in fully mature animals. There is indication that statins 

can alter methylation in cell culture as lovastatin has been shown to increase 

demethylation (Kodach et al., 2011) and as methylation can be altered postnatally the 

changes in function and mRNA levels could have been induce by changes in 

methylation by the statin treatment and withdrawal. Whether methylation of CpG sites 

of the RhoA or ROCKs promoter regions are involved in regulation of their mRNA 

levels has not been investigated. HMG-Co A reductase promoter region is known to 

contain CpG methylation sites but altered methylation was not associated with altered 

gene expression in tumour cells (Hentosh et al., 2001). Sustained upregulation of 

mRNA levels could thus be explained by alterations in gene methylation though this has 

not been confirmed in the current study. 
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6.1.6 Effect on structure 

Structural changes could have also explained the changes in function observed in the 

current study. For example alterations in SMC mass or number could account for the 

changes observed and there is infact some evidence that statins can affect SMC 

apoptosis and proliferation. Cell culture studies have shown that statin incubation can 

induce apoptosis in the SMC (Xu et al., 2007;Blanco-Colio et al., 2002) although this 

might not occur in vivo (Doyon et al., 2011). Statins have also been shown ihibit 

proliferations (Zhang et al., 2013;Kaneda et al., 2010) and interestingly the RhoA 

pathway has been shown to be involved in this (Ma et al., 2012). Thus reduction in 

SMC number at 5 weeks could have lead to reduction in constriction and in response to 

statin withdrawal there could have been an increase in SMC proliferation via the RhoA 

pathway leading to long term increase in constriction. The current study did not 

investigate SMC numbers or mass and thus the effect of statin treatment and withdrawal 

on this cannot be confirmed. 

There is also some evidence that statins can have an effect on cytoskeleton organisation. 

Statins have been shown to affect endothelial cell shape by altering the cytoskeleton 

organisation (Dick et al., 2013). This adverse effect could be induced by statin treatment 

and maintained following the withdrawal this could explain the increased constriction 

observed in the adult offspring. But if the effect was induced in the young animals the 

function could be expected to be impaired in the young animals which was not observed 

in the current study.  

6.1.7 Effect on cholesterol 

It is interesting to consider why statins did not have an effect on the hepatic parameters 

measured in this study especially during statin treatment. In the current study no 

alterations were seen in hepatic HMG-CoA reductase mRNA expression although 

changes have been shown previously (Torrens et al., 2009b). This could be an 

indication that alterations observed in the current study were tissue specific effects 

rather than mediated through the statins effect in the liver. This is possible as 

atorvastatin is lipophilic and thus can enter cells via passive transport. The tissue 

specific effects are not only indicated by the lack of differences in mRNA levels in the 

liver but also by the functional differences in the two vascular beds. As mentioned 
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before the effect of the statin treatment on cholesterol levels is not known in the current 

study but considering that HMG-CoA reductase gene expression was not altered in the 

liver this indicates that it is more likely that plasma cholesterol levels were not altered 

as they are mainly regulated by the liver. Liver specific deletion of HMG-CoA 

reductase has been shown to be lethal with the median survival age around 5 weeks 

(Nagashima et al., 2012). This indicates that statin treatment did not completely block 

the mevalonate pathway in this study and that the remaining cholesterol synthesis may 

have been sufficient to maintain adequate cholesterol levels. However the possibility 

remains that cholesterol levels were reduced during statin treatment and that this 

depletion could have had long term effects. Six week statin treatment in adult rats has 

been shown to alter brain lipid compositions (Vecka et al., 2004) and alterations in 

membrane fatty acids have been shown as well (Nyalala et al., 2008). Alterations in 

membrane properties have been shown to affect membrane permeability and signal 

transduction pathways (de Jonge et al., 1996;Miersch et al., 2008) and thus changes in 

membrane properties in the vasculature could have altered the response to receptor 

mediated constriction. As de novo cholesterol synthesis, and thus HMG-Co A reductase 

activity, are naturally increased in young rats immediately post weaning (Dietschy et 

al., 1993;Smith et al., 1995) this increase might have been adequate to prevent statin-

mediated changes from occurring in the liver in the current study. Previous studies 

indicate that statin effects are cholesterol independent in the PR model (Torrens et al., 

2009b) and as no changes were seen in the liver parameters, especially in hepatic HMG-

Co A reductase mRNA levels, in the current study changes in cholesterol levels are not 

indicated. 

In summary this study shows that early age acute statin treatment is detrimental to 

vascular function long term even though the immediate effects appear mildly beneficial. 

These data do not support the original hypothesis about long term protective effect of 

early age acute statin treatment on vascular function (Figure 6.6). These findings 

support rebound effect after statin withdrawal leading to increased risk of CVD as 

compared to without treatment in later life. Molecular data indicates that there is a tissue 

specific involvement of the RhoA pathway. Investigating the role of other mechanisms 

known to be affected by statins, such as inflammation and oxidative stress, after statin 

withdrawal could allow better understanding of the rebound effect. 
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Figure 6.6 The predicted and indicated risk of CVD following early age acute statin treatment and 

withdrawal. This study indicates that unlike predicted protective effects of statin treatment are not 

maintained after statin withdrawal but this leads to a rebound effect where the risk becomes 

greater than without treatment.  Baseline risk ---; predicted risk -·-·-·-; observed risk ······ ; 

intervention. 

6.2 Translational implications 

The current study shows that statin withdrawal can impair vascular function long term 

at least in an animal model and, if applicable to humans, indicates that the risk of CVD 

increases after withdrawal of short term statin treatment at an early age. Although there 

are clinical studies on the rebound effect of statins, the studies conducted so far have not 

been able to confirm the mechanisms behind the phenomenon, who is susceptible and if 

the increase in risk and impairment in function are transient as has been implied in 

animal studies (Gertz et al., 2003;Laufs et al., 2000;Vecchione & Brandes, 2002). The 

conflicting data from the clinical trial follow ups and statin withdrawal trials have not 

been satisfactorily addressed either (Bulbulia et al., 2011;Daskalopoulou et al., 

2008;Ford et al., 2007;Heeschen et al., 2002). Double blind, placebo controlled, 

sufficiently powered clinical trials take a long time and due to ethical reasons can be 

difficult or even impossible to conduct thus animal models need to be utilised to 

investigate the mechanisms and the characteristics of the rebound effect in more detail. 
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The first issue is whether the effects observed in the clinical trials do represent a 

rebound effect. In majority of the clinical withdrawal studies the withdrawal was not 

conducted under controlled conditions and this raises the possibility of risk treatment 

mismatch. Statin withdrawal on hospitalisation leads to worse outcome (Sposito et al., 

2009) but it has been indicated that statins were more likely to be withdrawn in cases 

were the prognosis was worse on admittance (Spencer et al., 2004) indicating a 

possibility of risk treatment mismatch. Risk treatment mismatch is not an issue in 

animal studies and thus results from the current study as well as other in vivo as well as 

in vitro studies support the occurrence of a rebound effect following statin withdrawal 

(Gertz et al., 2003;Laufs et al., 2000;Otani et al., 2010;Vecchione & Brandes, 2002). 

Also shorter term studies in humans, looking at parameters such as CRP and 

cholesterol, indicate that there is a withdrawal effect (Chen et al., 2009;Puccetti et al., 

2003;Taneva et al., 2006) and impairment in function has been shown in healthy 

individuals as well after statin withdrawal (Chen et al., 2009;Laufs et al., 2001). 

Another point the clinical trials so far have not clearly addressed is the longevity of the 

rebound effect and whether certain groups are more susceptible to it. There is a 

contradiction between the trials that have looked at statin withdrawal and the follow ups 

of original statin trials. It is possible that rebound effect was not detected in the follow 

up trials as they did not take into account statin use following the study period (Bulbulia 

et al., 2011;Ford et al., 2007). The observations from both groups of studies could be 

real if short term withdrawal effect is detrimental but there is a protective long term 

effect. The rebound effect could be transient, as shown in some animal studies (Laufs et 

al., 2000;Vecchione & Brandes, 2002), with impairment in function after withdrawal 

due to a sudden shift in balance with the restabilisation occurring on the side of benefit. 

The evidence indicates though that if the effect is transient the stabilisation occurs at the 

pretreatment levels (Chen et al., 2009;Gertz et al., 2003;Lai et al., 2005;Laufs et al., 

2000;Laufs et al., 2001;Vecchione & Brandes, 2002). Also there is no evidence of 

detrimental short term effect in the follow up studies, as when the cardiovascular events 

are plotted against time no spike can be detected shortly after withdrawal (Bulbulia et 

al., 2011;Ford et al., 2007). The discrepancy between the follow up and withdrawal 

studies could also be explained by population subgroups with different rebound risk. 

The severity of the disease could be the factor defining the risk of rebound effect; in the 

follow up trials the original population sample consisted of people in increased risk of 
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CVD but before the onset of the overt disease (Bulbulia et al., 2011;Ford et al., 2007) 

whereas in the majority of the withdrawal studies the sample population consisted of 

people with manifest disease (Chen et al., 2009;Daskalopoulou et al., 2008;Heeschen et 

al., 2002) (Dowlatshahi et al., 2012;Spencer et al., 2004;Sposito et al., 2009). The 

increased risk of rebound effect in those with manifest disease is further backed up by a 

study showing that statin withdrawal reduces FMD which returns back to baseline a 

week after withdrawal in healthy subjects but not in patients with coronary artery 

disease (Chen et al., 2009). Defining the rebound risk could be even more complicated 

though as data from the current study combined with other animal studies (Laufs et al., 

2000;Otani et al., 2010;Vecchione & Brandes, 2002) indicate that other factors, such as 

length and timing of treatment, can alter the longevity and possibly severity of the 

rebound effect. 

The clinical trials conducted so far have not confirmed the mechanism behind the 

withdrawal effect though both endothelial dysfunction and inflammation appear to be 

involved (Chen et al., 2009;Lai et al., 2005;Laufs et al., 2001;Taneva et al., 2006). In 

the current study alterations in NO bioavailability were not indicated but alterations 

were seen in the RhoA pathway. The mRNA levels of RhoA pathway genes were 

upregulated in the mesenteric arteries. Considering that statin treatment confers its 

benefits through several pathways it seems likely that this could be the same for the 

rebound effect. This study indicates that one of the pathways involved is the RhoA 

pathway which is known to be altered by statin treatment and withdrawal. 

This study supports the idea of rebound effect following statin withdrawal and that 

withdrawal of short term treatment can have long lasting effects. Taken together with 

other animal studies it indicates that the nature and severity can be altered by several 

factors such as timing and length of treatment and withdrawal. Also it is indicated that, 

as statin effects, the withdrawal effects may be meditated through several pathways. The 

evidence from animal studies cannot directly be applied to humans though they can help 

to determine the direction of clinical trials. Further clinical trials, as well as animal 

studies, are needed to confirm the effect in humans and identify the mechanisms behind 

the rebound effect. Understanding the risk of rebound effect would also allow more 

accurate assessment to be made on whether to start statin therapy or not on individual 

patients. 
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6.3 Conclusions 

This study has demonstrated both short and long term effects of acute early age statin 

treatment in rats. Acute early age statin treatment reduced maximal constriction in the 

adolescent offspring but following statin withdrawal maximal constriction was 

increased. In the mature animals the increase in constriction was associated with 

upregulation of the RhoA vasoconstrictor pathway mRNA levels. These results are 

indicative of a rebound effect which is supported by data from other studies in rodents 

as well as clinical trials. The current study is the first one to demonstrate that 

withdrawal of short term statin treatment can have long term effects. Maternal protein 

restriction did not alter vascular reactivity in the current study. The current study does 

not support early age acute statin treatment in primary prevention of CVD as the 

withdrawal of the treatment leads to impairment of vascular function long term. 
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Appendix 1 Diet compositions 
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Appendix 2 Myography protocols 
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Mesenteric arteries 
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Appendix 3 Subcellular fractination protocol 
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Appendix 4 Housekeeping gene stability determination 

 

GeNorm 

Individual stability values 

Gene 
name 

Stability value 

B2M 1.646 

ACTB 1.737 

CYC1 1.743 

RPL13A 1.789 

UBC 1.802 

CANX 1.835 

YWHAZ 2.087 

ATP5B 2.142 

GAPDH 2.211 

MDH1 2.231 

TOP1 2.534 

 

Pair-wise comparisons 
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Normfinder 

Gene 
name 

Stability value 

ACTB 11.823 

CYC1 11.987 

UBC 12.513 

RPL13A 12.591 

B2M 12.896 

CANX 13.897 

YWHAZ 14.953 

ATP5B 18.550 

MDH1 23.171 

TOP1 45.402 

GAPDH 60.343 
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Appendix 5 Western blotting secondary antibody controls 
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Appendix 6 Published abstracts 

Physiological Society Main Meeting, University of Oxford, UK, 11.-14. July 2011 
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 World congress on Developmental Origins of Health and Disease, Portland, Oregon, 

USA, 18-21 September 2011 
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