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Abstract 

Cyclic adenosine monophosphate (cAMP) plays a significant role in vascular smooth 

muscle (VSM) biology, including proliferation, and differentiation. Moreover, cAMP signaling 

regulates VSM contractility. For instance, agonists acting through -adrenergic receptors (-AR) 

produce vasodilation by triggering adenylyl cyclases (ACs) activity and increasing cAMP levels 

VSM. 1-8  

It has been shown by our group that VSM from mice exposed to secondhand smoke (SHS) 

had an attenuated cAMP level in response to the β-AR agonist isoproterenol (ISO), resulting in 

altered vascular reactivity. Tobacco smoke (TS) contains over 7,000 chemicals, including nicotine. 

9 Nicotine is the primary addictive component in tobacco cigarettes (TCs) and has been shown to 

alter cellular cAMP production. 10,11 Yet, how nicotine impacts cAMP signaling in the vasculature, 

particularly in VSM, and the implications of these changes in vascular reactivity are unclear. 

Here we addressed this knowledge gap by systematically evaluating the effects of nicotine 

on cAMP production in native VSM from mice. Firstly, we determined the effects of nicotine on 

ISO-induced β-AR-mediated cAMP levels using a mouse expressing a cAMP biosensor 

specifically in smooth muscle (CAMPERSM). Then we determined the vascular reactivity in 

vessels of mice infused with nicotine using wire myography. Finally, we determined the expression 

of key proteins involved in cAMP synthesis and degradation. These experiments were designed to 

understand how nicotine alters cAMP signaling and the physiological consequences of nicotine 

exposure at the artery level. 

Our findings suggest that nicotine alters ISO-induced cAMP levels in VSM from intact 

arteries. This was correlated with impaired VSM relaxation in response to ISO. Our studies show 

that the altered ISO-induced cAMP synthesis and VSM relaxation in nicotine-treated mice can be 



  x 

rescued by inhibiting phosphodiesterases (PDEs). We also found that nicotine-infused mice have 

a decrease in AC6 abundance, which could contribute to impaired ISO-induced cAMP levels in 

VSM. Overall, this study uncovered mechanisms mediating nicotine impairment of cAMP 

synthesis and VSM relaxation, which may underlie alterations in vascular function in people 

exposed to or using nicotine products. 
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Chapter 1   Introduction 

1.1   Background and Significance 

TS exposure is associated with altered vessel excitability, poor arterial integrity, coronary 

artery disease, hypertension, and stroke. 12,13  Multiple components of TS can contribute to its 

vascular toxicity, including particulate matter inhalation, toxicant exposure, and acute and 

chronic effects of nicotine, which can incite inflammation, oxidative stress, and impaired 

contractility. 14-16 The implementation of smoke-free policies, together with public awareness, 

has resulted in a reduction in smoking among individuals. 17  However, in recent years, there has 

been a general rise in the usage of alternative-nicotine delivery devices, such as electronic 

nicotine delivery systems (ENDS), resulting in the increased consumption of nicotine. 18-22
 Since 

combustion products are minimized in these alternative nicotine delivery systems, they are 

deemed “safer” than conventional cigarettes. However, this notion of safety has been challenged  

by research showing that nicotine can contribute to vascular dysfunction. 23-25   

 Nicotine is a naturally occurring alkaloid extracted from the leaves of the tobacco plant 

nicotiana tabacum. 26-30 Chronic nicotine use is associated with cardiovascular diseases such as 

hypertension, hypertensive heart disease, and elevated arterial constriction. 18,31-33  Many of these 

effects are linked to nicotine's persistent sympathetic stimulation. 25,33-38 The vascular system 

receives inputs from sympathetic nerves that regulate function by activating G protein-coupled 

receptors (GPCRs). Stimulatory GSPCRs activate AC to synthesize the second messenger, cAMP, 

a critical modulator of many vascular functions, including contraction and excitability (Figure 1.1). 

1,2,39-42  Thus, the deleterious cardiovascular effects of nicotine could be mediated through 
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alterations in vascular cAMP signaling. In this chapter, we summarize the current knowledge of 

the vascular effects of nicotine with an emphasis on nicotine modulation of cAMP signaling in the 

VSM. 

 

 

Figure 1.1 – cAMP is a critical modulator of multiple functions inside VSM.  

Displayed are three of the many functions that cAMP modulates in VSM that are discussed throughout 
this chapter. 

 

1.2   Aims and Outline of the Dissertation 

Through this dissertation, we developed and designed a study to elucidate the effects of 

nicotine on cAMP signaling in VSM. This work's central hypothesis is that nicotine impairs 

receptor-mediated cAMP signaling in VSM, leading to altered vascular reactivity. To test our 

hypothesis, we pursued two specific aims: 

Aim 1. Determine the effect of nicotine on receptor-stimulated cAMP levels in VSM. We 

hypothesized that nicotine impairs receptor-stimulated cAMP levels in VSM. To test this 

hypothesis, the effects of nicotine on β-AR-mediated cAMP levels were examined in VSM from 

a mouse expressing a fluorescence resonance energy transfer (FRET)-based cAMP biosensor 
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specifically in VSM (e.g., CAMPERSM). We used a pharmacological approach to provide insight 

into the molecular participants involved in nicotine-induced alterations in cAMP levels. 

Aim 2. Determine the effects of nicotine-induced impaired cAMP levels on vascular 

reactivity. We hypothesize that nicotine-induced alterations in cAMP levels impair βAR-

mediated vasodilation. To test this hypothesis, we used wire myography to assess vascular 

reactivity in the vessels from sham (control) and nicotine-infused mice. We examined the role of 

PDEs, and the expression of key proteins involved in cAMP synthesis and degradation.   

Chapter 1 presents a general background to VSM, emphasizing the relevance of cAMP 

signaling in regulating VSM function. This is then followed by a background of nicotine and its 

impact on the vasculature to tie in the impact that nicotine has on the VSM and cAMP 

specifically.  

Chapter 2 delves into the experimental work performed to address the hypothesis 

outlined. This chapter describes the methodology and results revealing the impact of nicotine on 

VSM cAMP signaling, the mechanisms mediating nicotine-induced alterations in cAMP in 

VSM, and the functional consequences to vascular reactivity. 

Finally, Chapter 3 addresses the implications of the research findings, contextualizing 

them into the current knowledge research about nicotine and cAMP, and future research 

directions illuminated by the findings.   

1.3 Vascular System 

The cardiovascular system is a closed system comprised of the heart, which is connected 

to a network of blood vessels of different sizes that transports blood and nutrients throughout the 
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body. 43-46 The heart is the epicenter of the vascular system, responsible for pumping blood , while 

the blood vessels are responsible for distributing blood throughout the body. 47  

Arteries are blood vessels that carry oxygenated blood away from the heart to the rest of 

the body. 46,48 Arteries branch out into smaller vessels called arterioles, which eventually lead to 

capillaries. 45,46,48 Capillaries are the final step for the exchange of oxygenated blood to the body's 

cells (it should be noted that they also exchange other vital products for the organs). 43,45,48 

Capillaries eventually lead to venules, then to veins, to carry deoxygenated blood back to the heart. 

48 This system plays a crucial role in maintaining the health and function of the body. 

1.3.1   Macro and Microvasculature 

The vascular system can be generally split into two types of blood vessels: macrovessels 

(larger blood vessels), and microvessels (smaller blood vessels). The macrovasculature refers to 

arteries with diameters that vary in size from as large as 25mm to 5mm, allowing them to hold 

approximately 15% of total blood volume. 48,49 Some examples include the aorta, pulmonary, and 

carotid artery. 50 All of these have a diameter of >5mm, with the aorta being the largest at 25mm 

in diameter (Figure 1.2). 48,51 Elastic arteries such as the aorta and pulmonary artery have a high 

content of elastic components (elastin) and less VSM compared to muscular arteries to allow more 

compliance. 48,49 Compliance is a property that blood vessels have, and it refers to the ability of 

blood vessels to expand in response to changes in pressure or volume when the heart pumps blood. 

48 Muscular arteries, like the carotid, brachial or femoral arteries, contain a larger number of VSM 

that gives them the ability to distribute blood down the vascular tree into small resistance vessels 

and arterioles. 

The microvasculature is composed of smaller-diameter arteries, arterioles, capillaries, and venules. 

48,49 Arterioles have an average diameter of 40 µm, next venules at 20 µm, and capillaries have the 
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smallest diameter of 2 µm (Figure 1.2). 48,49 Microcirculation is the circulation of blood to the 

smallest blood vessels such as smaller diameter arteries and arterioles and these play a large role 

in nutrient and waste removal that occurs at the level of the microvasculature. 48 These vessels in 

the microvasculature have several functions. 48 Firstly, they assist with resistance and blood 

pressure regulation. By altering their diameter, these vessels can adjust resistance to blood flow. 

48  The contractile state of VSM directly regulates arterial diameter and is responsible for its ability 

to regulate arterial resistance and regulate hemodynamics. 48 This is vital for maintaining stable 

blood pressure and ensuring that blood flow matches the metabolic demands of tissues. Secondly, 

in vasoconstriction and vasodilation,  these smaller arteries and arterioles can alter their inner 

diameter to allow them to contract, a decrease in internal vessel diameter, or relax, an increase in 

internal vessel diameter. 48,52 Vasoconstriction reduces blood flow to specific areas, redirecting it 

to where it's most needed, while vasodilation increases blood flow to fulfill increased demand s. 48 

Another important function of smaller vessels and arterioles is tissue perfusion. 52 Regulation of 

blood flow to different tissues and organs by small vessels and arterioles ensures that oxygen and 

nutrients are delivered appropriately. 48 For example, during physical activity, arterioles lead to 

muscles dilating to increase blood supply and oxygen delivery, due to the body's increased demand 

for oxygen. Whereas during digestion, blood is redirected to the digestive organs to facilitate 

nutrient absorption.  
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Figure 1.2 – An overview of the micro and macrovessels.  

As the blood flows from the macrovessels to the microvessels, the diameter of these gets extremely small, 
starting at 25mm and eventually ending up at 30µm.   

1.4   Arteries 

Arteries have thick walls that allow them to withstand the pressure generated by the heart 

as it pumps blood. 48,49 Arteries are made up of an outer layer of connective tissue termed tunica 

externa, a medial layer comprised of smooth muscle cells or tunica media, and an inner layer of 

endothelial cells, also known as tunica interna (Figure 1.3). 48,53 

1.4.1  Tunica Externa 

The tunica externa, also known as the tunica adventitia, is the outermost layer of arteries 

(Figure 1.3). 48,54  It is composed of connective tissue and collagen, which provides structural 

support for the vessel walls. 54,55 These larger types of vessels are categorized into elastic arteries,  
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containing more elastin to cope with the increased pressure from oxygenated blood, allowing for 

a constant, smooth, and even flow of blood from each heartbeat. 43,45,48,49 In addition, the elastic 

properties increase the efficiency of the stroke volume that would be lost if it were a rigid structure. 

48,49,56 As a result, elastic arteries contain longitudinally oriented collagen fibers that assist in this. 

57 This layer is highly important for blood vessel stability as it prevents the blood vessels from 

bursting under the high pressure of oxygenated blood. 58 In pathological conditions, such as 

atherosclerosis, the tunica externa can become inflamed and contribute to plaque buildup in the 

vessel walls, narrowing the vessel lumen and reducing blood flow to the tissues supplied by the 

affected vessel. 54,55 The tunica externa is an important component of blood vessel structure, 

providing support and protection to the vessel walls. 

1.4.2   Tunica Media 

The tunica media is comprised of many layers of spindle-shaped VSM that form the middle 

portion of the arterial wall (Figure 1.3). 53 This layer of VSM allows the artery to constrict and 

dilate, modulating the diameter of the artery and in turn, regulating blood flow through the center 

of the artery, ultimately controlling the blood flow to end-organs and even blood pressure. 45,49,53  

This important ability to contract and relax can be removed in pathological states such as 

atherosclerosis, vascular calcification, and hypertension, where a phenomenon named, phenotypic 

switching, occurs. 54,59-61 This is the VSM changing from contractile to a synthetic, noncontractile 

phenotype, resulting in arterial wall stiffening. 60,61 This simple change alters the ability of the 

whole vasculature to deliver nutrients and oxygen to the entire body causing major complications. 

Therefore, it cannot be underestimated how impactful the tunica media is in health and disease. In 

short, arteries are essential for the proper functioning of the cardiovascular system. They help to 

maintain blood pressure and ensure that oxygen and nutrients are delivered to the various tissues 
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in the body.  

1.4.3 Tunica Intima 

The tunica intima primarily comprises endothelial cells that line the inner surface of blood 

vessels, including arteries. 48,62,63 They are a single thin layer of cells that form a barrier between 

the blood and the surrounding tissues (Figure 1.3). 48,62,63 Endothelial cells perform critical 

functions within the vascular system, encompassing the regulation of blood flow, blood pressure, 

and preservation of the integrity of blood vessel walls. 48,62 Endothelial cells also play a significant 

role in the contraction and relaxation of VSM. 48,62 They can assist in smooth muscle relaxation in 

several ways, firstly, they contain prostacyclin’s synthase I2, and this synthesizes prostaglandin I2, 

which in turn increases cAMP production in VSM to induce relaxation. It should be noted that this 

product is synthesized from arachidonic acid (AA) and that via the endothelium, another way 

increase cAMP is through the cyclooxygenase (COX) pathway, which is also synthesized from 

AA. 48,62  However, the endothelium has a potent vasodilator in that of nitric oxide (NO). 48,62  The 

chemical is synthesized by one of three nitric oxide synthases (NOS): neuronal NOS (nNOS), 

endothelial NOS (eNOS,), and inducible NOS (iNOS). 62,64 In brief, the NOS work in the same 

way in that they produce NO from L-arginine. 62 The study of the endothelium is significant due 

to its essential role in maintaining vascular homeostasis. 50 The endothelium serves as a physical 

barrier and releases various bioactive substances that play a crucial role in regulating vascular 

function. 50,65  Endothelial dysfunction, implicated in numerous pathologies, can lead to the 

development of conditions such as atherosclerosis, hypertension, reduced blood flow, and capillary 

rarefaction. 65 The endothelium's direct contact with blood flow and its responsiveness to shear 

stress make it a critical component in understanding these pathologies. 62,64,66 To induce 

vasoconstriction, the endothelium can synthesize endothelin, which has been associated with 
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several cardiovascular diseases such as atherosclerosis and hypertension. 48,62,64,66,67 

 

 

Figure 1. 3 – The layers of the VSM.  

The three essential layers of the VSM, they all play an important role however the tone and blood flow 
regulation are ultimately controlled by the tunica media where the VSMCs are located. This image also 
includes a purple section in the Tunica externa that is an external elastic membrane.  

 

1.5   Regulation of vascular smooth muscle function 

Contraction of the VSM is initiated by calcium (Ca2+). Once Ca2+ has entered the cell it 

binds to calmodulin (CaM), a calcium-handling protein that activates the enzyme myosin light 

chain kinase (MLCK). 48,68 Ca2+/CaM increases the MLCK activity by 10,000-fold. 48,69,70 MLCK 

uses adenosine triphosphate (ATP) to phosphorylate myosin light chains located on the tips of 

myosin to form links with actin resulting in cross-bridging, producing tension and, therefore, 
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contraction. 48,68 The action of MLCK is opposed by myosin light chain phosphatase (MLCP). 

This phosphatase dephosphorylates the myosin light chains, decreasing the calcium sensitivity of 

the cytoskeleton and leading to relaxation. 68   

1.5.1 Regulation of VSM by Ion Channels 

Ion channels are proteins that are found in the cell's plasma membrane (PM) and the 

membrane of intracellular organelles. This protein spans the membrane to allow specific ions to 

move in and out of the cells or, in the case of intracellular ion channels, in and out of intracellular 

organelles (e.g., sarcoplasmic reticulum, SR). VSM expresses several ion channels that play a 

critical role in regulating VSM physiology. 3,68,71 Although ion-channel physiology is not the focus 

of this dissertation, a general overview of major ion-channels contributing to regulating VSM 

function is provided for two main reasons: 1) ion-channels function is critical for regulating VSM 

excitability and contraction. 2) cAMP signaling (the focus of this work) can impinge on VSM 

function by activating effector proteins (e.g., protein kinase A, PKA) that regulate these ion 

channels.  Here we discuss the general roles of voltage-gated calcium channels (VGCCs), transient 

receptor potential (TRP), voltage-gated potassium channels (KV), large conductance calcium-

activated potassium (BK) channels, and IP3 receptors (IP3R), and ryanodine receptors (RyRs) to 

provide perspective on their role on VSM function, see Table 1.1.  

1.5.2 Voltage-gated Calcium Channels (VGCC)  

 Voltage-gated calcium channels (VGCC) are calcium-permeable ion channels located at 

the membrane of the cells. As their name indicates these channels are activated by changes in 

membrane potential (i.e., depolarization). VGCC are classified by their electrophysiology 

properties: L–type calcium channels (LTCC), have large conductance and long-lasting current at 

strong depolarizations; T-type calcium channels (TTCC), have tiny conductance and transient 
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current at weak depolarizations. 72,73 Whereas the N-type calcium channels have neither L nor T-

type but rather an intermediate profile. Subsequent research also identifies P/Q and R types of 

VDCC based on their biophysical and pharmacological profile. 72,73 

T-type and L-type VGCC have been identify in VSM. While some studies suggest that T-

type contributes to the regulation of VSM contraction, it is well established that Ca2+ influx through 

the L-type VGCC is the principal mediator of pressure-induced arterial constriction or myogenic 

tone. 3,48,74-78 Ca2+ influx through L-type VGCC also regulates transcription in VSM. Recent 

studies show that exposure to SHS causes functional up-regulation of L-type VGCC, and this was 

related to increased contractility and changes in the expression of BK channels. 79 Moreover, 

altered L-type VGCC function in vascular smooth muscle has been found in many diseases, 

including hypertension, diabetes, and atherosclerosis. 3,71,74 It is important to understand the 

function and regulation of VGCCs in VSM as alterations in these VGCCs are responsible for 

declines in cardiovascular health.  

Intracellular signaling pathways can regulate the function of L-type VGCC, thereby 

modulating intracellular calcium and contraction. Indeed, cAMP has been shown to regulate the 

L-type VGCC through the effector protein, protein kinase A (PKA). However, this regulation is 

complex, with some studies indicating that PKA reduces L-type activity 3,48,74,80 and others 

showing that it increases the activity of the channel. 81,82  In general, in studies where PKA activity 

was increased globally by dialyzing the catalytic subunit of PKA into the cell or via broad 

activation of ACs in the cell (by use of forskolin, a potent AC activator), the activity of the L-type 

VGCC was blunted. 83 In contrast, in experiments using sub-micromolar concentrations of the -

AR isoproterenol (iso) the L-type activity was potentiated, whereas µM concentrations of iso led 

to a decrease in L-type activity. 84 Accordingly, the study by Syed et.al., using cAMP biosensors, 
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showed that a hyperglycemic stimulus elicited a mild increase in cAMP that was associated with 

a PKA-dependent potentiation of the L-type activity. 85 In this same study, the authors showed that 

the application of forskolin led to the expected global increase in cAMP, leading to vasodilation 

even in the presence of glucose. 85 This distinct regulation by cAMP/PKA suggests that low cAMP 

levels may enhance L-type VGCC activity and contraction, while high levels may activate 

vasodilatory pathways that blunt L-type activity (e.g., K+ channels) and override L-type-mediated 

Ca2+ influx.  

1.5.3  Transient Receptor Potential Channels 

TRP channels are a large family of non-selective cation channels that are found in all cell 

types, including VSM. 71,74,86 VSMCs and TRP channels contribute to the depolarization of the 

cell membrane and the following increase in intracellular Ca2+ levels leading to VSM contraction. 

3  There are 28 TRP channels identified and sub-grouped into 6 families; however, the most 

relevant families of TRP in VSM are canonical (TRPC), melanostatin (TRPM), polycystin (TRPP), 

and vanilloid (TRPV). 3 The vast array of TRP channels and their many subfamilies in VSM is 

extremely diverse and has a large degree of influence on both vasodilation and vasoconstriction in 

VSM. 3 A discussion of TRP channels is not within the scope of this dissertation. Refer to Earley 

and Brayden's review for more information. 86 

1.5.4 Ryanodine receptors 

RyRs are intracellular Ca2+ release channels that play a crucial role in Ca2+ signaling in 

various cell types, including vascular smooth muscle cells. 3,48 Some of the functions that RyRs 

regulate in the vasculature are vascular tone and the contraction of blood vessels. 3 There are 

three isoforms of RyRs, RyR1 is predominantly located in the heart, RyR2 is the predominant 

isoform expressed in vascular smooth muscle and RyR3 is expressed mainly in skeletal muscle 
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and the brain. 3,74,87 RyRs are located on the SR, a specialized organelle that stores and releases 

Ca2+ ions. 3,61,74 When activated, RyRs allow the release of Ca2+ from the sarcoplasmic reticulum. 

3,61,74 In cardiac and skeletal muscle RyRs contribute to contraction by increasing intracellular 

Ca2+.  In VSMCs, however, the activation of RyRs produces a local Ca2+ signal, known as 

Ca2+spark. 3,61,74 Ca2+ sparks do not contribute significantly to global intracellular Ca2+ 

concentration. These events are coupled to the activation of Ca2+-activated potassium channels, 

which hyperpolarize the membrane and contribute to the negative feedback regulation of L-type 

VGCC (see the section on BK channels below). 

 The activity of RyRs is regulated by various factors, including Ca2+ itself, as well as 

intracellular signaling, such as cAMP/PKA.3,48 Indeed, forskolin, a broad AC activator, is a 

strong vasodilator that has been shown to increase Ca2+spark frequency. 88 Interestingly, 

inhibition of RyRs significantly reduces the vasodilatory effects of forskolin. 88 Studies 

characterizing vasodilators that engage cAMP/PKA signaling have found similar results. 

Suggesting that vasodilators that engage cAMP/PKA could exert their effects in part by 

increasing Ca2+ spark frequency, leading to increased activity of BK channels, membrane 

potential hyperpolarization, decreased L-type VGCC activity, and vasodilation. Alterations in 

cAMP levels by substances, such as nicotine, could impact the regulation of RyR receptors by 

PKA with profound implications for the regulation of VSM contractility.   

 

1.5.5 IP3 receptors 

Inositol trisphosphate receptors (IP3Rs) are intracellular Ca2+ release channels that play a 

significant role in calcium signaling in various cell types, including vascular smooth muscle 

cells. 3,48,61,74 IP3Rs are activated by inositol trisphosphate (IP3), which is produced upon the 

activation of Gq/11-coupled GPCRs located on the PM. 3,48,61,74 In VSM vasoconstrictors such as 
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norepinephrine (NE), for example, that engage Gq/11PCRs signaling and phospholipase C (PLC) 

triggering the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3 and 

diacylglycerol (DAG). 3,48,61,74 Activation of IP3Rs by IP3 results in the release of SR-stored Ca2+ 

into the cytoplasm, known as a calcium wave, which in turn activates calcium-sensitive 

contractile proteins, including actin and myosin, promoting smooth muscle contraction. 3,48,61,74 

In contrast, studies in airway SMC and other cell types suggest that cAMP/PKA signaling 

inhibits IP3R function. 89,90 Moreover, cAMP/PKA inhibits PLC, thus decreasing the production 

of IP3. 91 cAMP/PKA signaling could contribute to vasodilation by decreasing the IP3R-

mediated calcium release. Lower cAMP levels, as we observed with nicotine treatment (see 

Chapter 2), could compromise the regulation of IP3R by PKA, and impact vascular function by 

favoring vasoconstriction.  

1.5.6  Large-conductance calcium-activated potassium (BK) channels  

VSM expresses BK channels which contribute to membrane potential regulation. 3,71As 

their name indicates these channels are activated by calcium. In VSM Ca2+ release events from 

the SR through RyRs, also known as Ca2+ sparks, activate BK channels.  Ca2+ sparks activate 

multiple BK channels simultaneously, leading to hyperpolarization of the cell membrane 

potential, which provides negative feedback regulation of VGCC, resulting in the relaxation of 

VSM. 61,74  

BK channels are regulated by cAMP/PKA signaling, with there being clear links to how 

the two interact indirectly. It is thought that with the use of vasodilators that increase cAMP, there 

is an increase in Ca2+ sparks and SERCA activity to speed up Ca2+ reuptake into the SR, which is 

mediated by PKA-dependent phosphorylation. 3 There also appears to be a spatial-temporal 

relationship between 2-AR receptors, VGCC, and the BK channel, through the Gαs subunit in the 
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aortic VSM. 3 It is widely accepted that there is a close relationship between cAMP and the BK 

channel, as many studies have shown that increased cAMP levels in the vasculature increase the 

vasodilatory response in part through BK channels. 3,6,92-94 

1.5.7 Voltage-gated Potassium Channels 

KV channels are expressed widely in VSM and play an important role in the membrane 

potential and myogenic tone regulation. 3,95,96 71,96 They are comprised of 12 families, KV 1-12, 

and are made up of tetramer ⍺ subunits that form an ion pore with auxiliary β subunits. 3,71 VSM, 

express multiple subtypes, namely, KV 1, 2, 7, and 9. KV channels are opened by membrane 

potential depolarization and are responsible for the efflux of potassium from the cytosol, which 

hyperpolarizes the cell membrane contributing to the resting membrane potential and myogenic 

tone regulation. 95,97 

The cAMP/PKA pathway has been implicated in the modulation of KV. 3,98 Essentially, the 

mechanism of action through the β-adrenergic receptors results in cAMP-dependent PKA-

phosphorylation of these particular Kv channels resulting in increased activity through this channel, 

causing vasodilation.98 However, overstimulation of this channel via this cAMP-dependent 

pathway may result in the downregulation of Kv channels. 3,98 Again, the prominence of cAMP, 

as a second messenger in its altering of vascular function through the modulation of ion channels, 

underlies the critical role of this second messenger for VSM function and highlights the relevance 

of understanding its regulation in health and disease and in response to an exogenous stimulus 

such as nicotine.  
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Summary of the effects that different ion channels have on the VSM. 

Name of Ion Channel Effects  

Regulation by cAMP 

signaling  

VGCC 

Contraction, depolarization 

increases the open probability of 

VGCC, which allow the influx 

of extracellular Ca2+ ions into 

the cytosol, leading to VSM 

contraction. 3,48,61,74 

cAMP regulates the VGCC 

through PKA, decreasing 

Ca2+ influx and causing 

vasodilation. 3,48,61,74  

TRP 

Contraction, contribute to 

depolarization of PM then 

increasing in intracellular 

Ca2+ levels. 3,74 

Effects vary depending on 

subfamily, cAMP effects 

PKA modulates some TRP 

channels leading to 

contraction, whilst others lead 

to dilation. 3,74 

BK 

Vasodilation, activated BK 

channels in the plasmalemma 

increase hyperpolarization of 

the cell, promoting relaxation 

of VSM. 3,48,61,74 

Increases in cAMP, increase 

Ca2+sparks and SERCA, 

mediated by PKA-dependent 

phosphorylation, pumping to 

speed up Ca2+ reuptake into 

the SR. 3,48,61,74 

Kv 
Vasodilation, depolarization 

of the PM activates Kv 

βAR agonism of cAMP-

dependent PKA-
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channels causing subsequent 

efflux of potassium from the 

cytosol. 3,48,61,74 

phosphorylation results in 

increased current through this 

channel. 3,48,61,74 

Table 1.1 Summary of the effects that different ion channels have on the VSM. 

Above is a general overview of the ion channels and the effects they have on the VSM. In addition, is an 
overview of the links to how each of these ion channels interact with cAMP.  

 
 

1.5.8  Adrenergic Regulation of VSM 

Adrenergic receptors are part of the large family of seven transmembrane domain receptors 

that are coupled to GPCRs. 99 There are three subunits located near the intracellular aspect of the 

GPCR: ⍺, β, and γ. Ligand binding triggers a change in the confirmation of the G⍺ subunit, 

allowing for GDP (inactive state) to dissociate and GTP to bind (active state). 48,99 G⍺ subunits 

are organized into four families accord ing to their α subunit: Gαi (inhibitory), Gαs (stimulatory), 

Gα12/13, and Gαq. 100 ARs are categorized into four types ⍺1, ⍺2, β1, and β2. 101,102 Each of these 

receptors is associated with a particular Gα subunit and their activity regulates VSM function. 

1.5.9   VSM ⍺-adrenergic regulation 

⍺-adrenergic receptors (⍺-ARs) are a type of GPCR expressed in the vasculature, including 

VSMCs, where they are involved in regulating contraction. 48,102 There are two main subtypes of 

⍺-ARs: ⍺1 and ⍺2. While they share some similarities in their downstream effects, there are 

fundamental differences in the transduction pathways engaged by each receptor subtype. 48,102  The 

⍺1 receptor engages Gαq protein, and ligand binding to the receptor activates phospholipase C 

(PLC). PLC, in turn, hydrolyzes phosphatidylinositol 4,5-bisphosphate producing the second 

messenger's inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). 48,102,103  These second 

messengers induced contraction via two mechanisms:  IP3 binds to inositol IP3Rs on the SR, 
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increasing Ca2+ release from intracellular stores.  Meanwhile, DAG activates PKC, and PKC 

phosphorylates CIP-17, a phosphorylation-dependent inhibitor of myosin phosphatase. 48,68,102  

Inhibiting MLCP tips the balance towards higher MLC phosphorylation and vasoconstriction. 

48,68,102  

 The activity of ⍺2-AR receptors leads to vasocontraction, albeit through different 

mechanisms than those engaged by ⍺1-AR receptor activation. 48,104,105  ⍺2-ARs are coupled to 

inhibitory Gαi protein and, when activated by NE, inhibit AC from producing cAMP leading to 

vasoconstriction. 48,105 Dysregulation of ⍺-receptors in the vasculature will result in multiple 

cardiovascular diseases, such as hypertension and atherosclerosis. 105,106 For example, it is known 

that the coronary arteries that have a damaged endothelium have excessive vasoconstriction when 

⍺1-AR are activated, leading to myocardial ischemia. 107 Indeed, myocardial ischemia is linked to 

high blood pressure, and one treatment is ⍺-adrenergic blockers, such as doxazosin, whereby the 

mechanism of action is to block the binding of NE to the ⍺1-AR. 108 These two receptor subtypes 

are an important part of the intricate regulation of the vasomotion in the vasculature, having a large 

influence on the vasoconstriction and resistance of the vasculature. 

1.5.10   VSM β-adrenergic regulation 

Another type of GPCR that is involved in the regulation of VSM function is the β-AR. As 

mentioned, there are two subtypes of β-AR expressed in VSM: β1-AR and β2-AR. β1-AR and  2-

AR are coupled to GS activation of the receptor leading to the increased activity of AC, 

subsequently increasing intracellular levels of cAMP. 48,68,102,109-111 The increased cAMP then 

activates PKA, which in turn, phosphorylate downstream targets leading to vasodilation by 
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regulating the Ca2+ sensitivity of the contractile machinery and decreasing intracellular Ca2+, see 

Figure 1.4. 48,68,109 

 

 

Figure 1.4 – General overview of 2-AR stimulating cAMP levels to cause VSM relaxation.  

After the binding of the endogenous ligand NE (NE) to the 2-AR this allows the disassociation of Gs 
to bind to the AC. After activation of the AC cAMP is increased which in turn leads to the eventual 
decrease of Ca. PDEs tightly regulate cAMP levels by hydrolyzing them to make them inactivate.  

1.6   cAMP Synthesis and Regulation 

The ubiquitous second messenger, cAMP can be triggered by the activation of numerous 

GSPCRs expressed in arterial myocytes to regulate many cellular events, including contraction, 

proliferation, and relaxation. 1,2,39 Indeed, many vasodilators, such as low-dose epinephrine, 

histamine, and prostacyclin, act on arterial myocytes by activating GSPCR receptors. 92,112 When 

GSPCRs are activated, they stimulate the activity of membrane-bound ACs, which converts ATP 

into cAMP. 109 This increases intracellular cAMP concentration, stimulating PKA activity. Once 

activated, it phosphorylates several downstream targets that decrease the Ca2+ sensitivity of the 
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contractile apparatus and reduces intracellular Ca2+ concentration by modulating the activity of 

several proteins at the PM and SR, which contributes to vasodilation. 6,92-94 Thus, cAMP plays a 

critical role in regulating arterial myocyte excitability and vascular reactivity. 

1.6.1    cAMP Synthesis  

There are 10 AC isoforms, 9 of which are membrane-bound. 2,113 These ACs are further 

split into 3 subclasses: class I (AC1,3 and 8) class II (AC2, 4, and 7), and finally class III (AC5, 

and 6). 2,113,114 However the most abundant in VSMCs are AC 3, 5, and 6 and this is where the 

focus of this discussion will be. 2 Whilst all ACs are activated by GS, only the latter two are 

inactivated by Gi, whilst AC3 is inactivated by Ca2+. 2,115,116  

The mechanism of action by which ACs are activated is well understood. 2,48 After an 

agonist binds the GSPCR there is a confirmational shift with the ⍺ and βγ, allowing the ⍺ subunit 

to exchange GDP for GTP, the latter being the active state. 2,48 Then the ⍺-GTP travels to the ACs 

activating it to convert ATP to cAMP, causing an increase in the basal concentration of cAMP. 

This second messenger can then promote many downstream signals to induce proliferation, 

relaxation, and contraction (discussed later in this chapter). 2,48  

Although, when there is an increase in cAMP throughout the body there are, “nanodomains” 

of cAMP. 2,117-119 These are discrete local pools of cAMP that assist with the signaling cascade 

within the cell. 2,117-119  These nanodomains allow cAMP to generate a multitude of unique signals 

within a confined area to activate local PKA to specific parts of the cell. 119 For example, cAMP 

is involved with fight or flight responses and specifically, within cardiomyocytes, the precise 

control of cAMP to induce certain signals over others. 120 Where it has been shown in 

cardiomyocytes that when these nanodomains are altered it is a factor within cardiovascular 

disease. 121 This is a highly important concept that needs to be kept in mind when discussing levels 
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of increasing cAMP, as firstly, it shows the reason behind the numerous signals within the cell that 

are a result of cAMP being activated and secondly, it implies that the altered levels of cAMP can 

disrupt some signals more than others. 

1.6.2   cAMP Degradation 

As with everything in the body, balance is key, with the creation of cAMP through ACs, 

resulting in specific effectors being activated in the cell, there must be a way to break cAMP down. 

This is done by PDEs that hydrolyze cAMP and are a key component of cAMP degradation and 

regulation. 122,123 There are 11 families of PDEs encoded by 21 genes and over 80 types of isoforms, 

that work to hydrolyze Guanosine 3',5'-cyclic monophosphate (cGMP) and cAMP to either 5’AMP 

or GMP. 124,125 However, of the 11 families only PDE 4,7,8, hydrolyze cAMP to AMP, exclusively, 

whilst PDE 1-3, 10-11 have dual specificity for both cAMP and cGMP. 122,126 Intriguingly, the 

most abundant PDEs in VSM are PDE3 and PDE4. Commonly used therapies involve the increase 

of cAMP by inhibiting these PDEs. 126,127 For example, inhibition of PDE3 and PDE4 has been 

shown to decrease chronic obstructive pulmonary disorder (COPD) symptoms, a disease strongly 

linked to tobacco smoking and impairment in airway smooth muscle cells. 128-130 Gao et.al., 

showed the important role of PDE4 whilst studying abdominal aortic aneurysms. In their study, 

they explored that PDE4 was elevated in humans who had abdominal aortic aneurysms and in 

angiotensin (ANGII) mice. 131 They found that PDE4 knockout mice showed a decreased 

likelihood of abdominal aortic aneurysms. 131 They also showed that the PDE4 inhibitor rolipram 

(roli) could curb abdominal aortic aneurysms in mice. 131 Their results suggested that PDE4 is 

elevated in abdominal aortic aneurysms and that PDE4 deficiency suppressed smooth muscle cell 

apoptosis through the cAMP-PKA pathway. 131 The research described in Chapter 2 shows that 

nicotine reduces cAMP levels in VSM through a mechanism that involves, in part, PDE 
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modulation. The deleterious vascular effects of nicotine and containing products, including a 

higher risk of cardiovascular-related mortality, may be modulated through alterations in vascular 

cAMP signaling due to changes in PDE signaling.   

1.6.3 cAMP Effectors  

 cAMP activates multiple proteins within the cell to affect cellular function. Two prominent  

and well-studied cAMP effectors are PKA and EPAC. 2 1,2,119 Whilst they have their similarities, 

they are ultimately very different in how they transmit the signals that cAMP elicits.  

1.6.4   Protein Kinase A 

 Discovered in the 1970s PKA is classified as a holoenzyme, in its active state, and is by far 

the most researched and explored effector protein of cAMP. 2,132,133 PKA has two isoforms, PKA 

I, found within the cytosol working by diffusion, where after binding cAMP it becomes 

catalytically active. 133,134 Whilst, PKA II is anchored in the PM by AKAPs, this is to allow highly 

specific domain targets, such as Cav1.2. 2,133,135 The way that PKA II can anchor close to these 

targets is a fundamental reason behind cAMP microdomains. 2,119 Mechanistically, both isoforms 

work the same, whereby two cAMP molecules bind to PKA causing a confirmational shift , this 

then allows the kinase to become active. 2 One study found that inhibition of PKA during vascular 

development causes “hypersprouting” of vessels, which has the possibility of leading to tumors 

and ischemia. 136,137 cAMP activates PKA; thus, impaired cAMP signaling could lead to vascular 

dysfunction by compromising PKA regulatory effects.   

1.6.5   Exchange Proteins Directly activated by cAMP  

Exchange proteins directly activated by cAMP (EPAC) function as a guanine nucleotide 

exchange factor (GEF) for Rap1 and Rap2. In the inactive state, Rap1 and Rap2, are bound to 

guanosine diphosphate (GDP), unable to exert the functions dictated by EPAC. Activation of 
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EPAC occurs when cAMP binds to EPACs regulatory domain. Then EPAC catalyzes the exchange 

of GDP for guanosine triphosphate (GTP) on Rap1 and Rap2, leading to their activation and 

allowing them to exert the functions of EPAC. 138,139 EPACs are separate from PKA and are 

cAMP-regulated GEFs. 2,134,139 With regard to the VSM, EPAC promotes vasodilation in several 

ways. 140 One such way EPAC accomplishes this is through the regulation of SR Ca2+ release 

through the RyR. 140 The RyR is close in proximity to the BK channel and a local release of Ca2+  

in this region causes the BK channel to activate and hyperpolarize the PM, thereby closing VGCC 

and stopping the entry of new Ca2+  into the cytosol. 140  By limiting Ca2+ influx through the VGCC 

this causes vasodilation. 134,139,140 In pathological conditions, EPAC has been associated with a 

phenomenon in VSMCs known as “phenotypic switching”, whereby VSMCs change from 

contractile to non-contractile. 2,60,140 This process has been linked to hypertension and 

atherosclerosis. 54,60 EPAC emerges as a noteworthy participant within VSM, particularly in its 

interaction with cAMP, to facilitate the essential function of vasodilation, adding to the vast array 

of proteins and signals that are regulated by this influential second messenger. Where lower cAMP 

levels, because of nicotine exposure, can increase the chances of cardiovascular diseases by 

altering the essential function of vasodilation, which EPAC directly affects. 

1.7   Role of cAMP in VSM 

As discussed above cAMP regulates many processes, such as proliferation and excitability 

within the VSM. 2,109,134 Where these downstream processes begin with the agonism of GPCRs 

activating ACs to produce cAMP. 1,2 While cAMP plays a key role in numerous physiological and 

pathological processes in VSM such as proliferation, of interest to this work is how cAMP can 

control VSM excitability and vascular reactivity. 
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1.7.1   Proliferation 

cAMP assists with differentiated VSMCs to maintain a low proliferation rate. 2 One such 

example of this is how cAMP can decrease VSMC proliferation after injury to VSM, but in healthy 

VSM it will hinder the production of VSMCs. 141 The importance of maintaining a low 

proliferation rate rests in, “phenotypic switching” (see 1.4.2). 2,60,140,141 The vasculature relies on 

its ability to respond quickly to changes in blood flow by contracting and relaxing. 48,141 However 

when the proliferation rate of VSMC increases vasculature impairment of the contraction and 

relaxation mechanisms in the VSM, results in diseases such as atherosclerosis and hypertension. 

60,141 Namely, cAMP plays a large role in VSMC proliferation, which is also intertwined with its 

influence on vascular excitability. 

1.7.2   Contractile Phenotype 

cAMP significantly impacts the VSM's maintaining a contractile phenotype, which allows 

the blood vessels to increase or decrease in diameter, vasodilation, or vasorelaxation. 2,60 This 

process links with the concept described above whereby VSMC takes on a synthetic phenotype 

from a contractile one. 2,60,141 However the effect of cAMP described above involves increasing 

proliferation rates of VSM that in turn quells the vasomotion properties of the vasculature. 2,60,141 

Here the difference is that the ability of the vasculature to contract or relax is simply gone when 

cAMP signaling is impaired, but the same pathologies of atherosclerosis and hypertension are the 

result. 54,60,141 Again showing the interconnectedness of how cAMP can alter not just the 

proliferative state of the VSM but also its contractile phenotype. 

1.7.3   Vasodilation 

 One of the most prominent effects of cAMP is its ability to induce relaxation in the 

vasculature. 1,2,48,110 As discussed earlier cAMP is synthesized by ACs and then cAMP binds to 
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effector proteins that increase downstream signaling. In the case of increasing vasodilation, cAMP 

binds PKA where it phosphorylates downstream targets that decrease the Ca2+ sensitivity of the 

contractile apparatus and reduce intracellular Ca2+ concentration by modulating the activity of 

several proteins at the PM and sarcoplasmic reticulum. 6,92-94 Indeed much of this vasodilation is 

due to the agonism of 2-AR directly increasing cAMP levels. 48,142,143 Where diseases such as 

hypertension are associated with 2-AR dysfunctions. 142,144 This dysfunction is directly linked to 

cAMP-dependent signaling as this molecule is a powerful and ubiquitous second messenger. This 

emphasizes the importance of this second messenger and how much control it has over such a 

fundamental function of the human body. 

1.8   Nicotine 

1.8.1   Nicotine History 

The history of nicotine and tobacco is invariably linked, as it is the primary addictive 

component in tobacco and was initially purified from tobacco leaves. 26-28 The use of tobacco was 

widespread throughout the Americas, long before European colonizers landed. 145 Approximately 

2500 years ago Mayans used tobacco in religious settings by burning and inhaling the smoke. The 

Aztecs mixed tobacco with the charred remains of poisonous animals for consumption. 145 After 

Europeans colonized the Americas, tobacco use spread with the Spanish, Portuguese, and then 

English throughout the 1500s. 146 It was during this time that nicotine in its crude form was known 

but took until 1828 to have a purified form of nicotine. 147 During the 19th century commercial 

cigarettes became widespread with the invention of the cigarette rolling machine. 146 In the 20th 

century it was becoming clear that tobacco use did have adverse health effects, particularly on the 

cardiovascular system, with elevated heart rate and increased vasoconstriction. 148 Yet, it took until 
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1988 for the surgeon general to publish a report naming nicotine as the primary addictive 

component in tobacco reports. 149 The history of nicotine use is complex but consistently shows 

the highly addictive nature of this chemical. 

1.8.2   Nicotinic Acetylcholine Receptors 

Nicotine binds to nicotinic acetylcholine receptors (nAChR) selectively and competitively. 

150,151 There are two nAChRs neuronal (N) and muscle-type (M) types. Neuronal nAChRs are 

categorized into N1 and N2, with the former on skeletal muscle at the neuromuscular junction, 

whereas N2 is located in the peripheral and central nervous systems. 152 N2 receptors are also 

located on cell bodies of postganglionic neurons in the parasympathetic and sympathetic nervous 

systems. 152 M-type nAChRs are located on the neuromuscular junctions. 153 nAChRs are 

pentameric with 5 protein subunits designated, α, β, δ, γ, ε, as they are located at postsynaptic 

nerve terminals throughout the body, and their endogenous ligand of binding is acetylcholine 

(ACh). 154 In the context of nicotine, it is thought that nicotine addiction is mediated by α4 β2, 

adrenal gland, and cardiovascular responses have α3 β4 present, and α7 homomeric receptors, are 

present in the brain and endothelial and inflammatory cells. 18 The binding of the endogenous 

ligand, Ach, to nAChRs, causes membrane depolarization through the increased flow of cations of 

sodium and Ca2+ ions into the cell and potassium out of the cell. 155,156 Nicotine acts directly on the 

nAChRs, like ACh, but is not regulated by the body like ACh. Nicotine exerts its effects on the 

cardiovascular system, such as increased heart rate and blood pressure through the activation of 

nAChRs, located on peripheral postganglionic sympathetic nerve endings and  on the adrenal 

medulla. 156   
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1.8.3   Absorption, distribution, metabolism, and excretion Profile 

 Nicotine is a naturally occurring alkaloid with a unique absorption, distribution, 

metabolism, and excretion profile. 29 The absorption of nicotine is highly dependent on the nature 

in which is it consumed, and this can be split into two large categories: combustible and non-

combustible products. 157-160 Combustible tobacco products, such as traditional cigarettes, cigars, 

and hookahs, must be ignited to be consumed. Whilst non-combustible tobacco products do not 

have to be ignited at all and therefore cover far more products, this includes inhaled products such 

as ENDS (e.g., Juul) and oral products (such as nicotine patches and chewing tobacco). 160 For 

combustible and non-combustible tobacco products, that are inhaled, the primary absorption 

method is the lungs, due to the airways and alveoli having a large surface area, in addition to the 

higher pH 7.4 increasing the unionized nicotine content. 29 Oral absorption, through chewing 

tobacco, for example, is facilitated by the lower pH in mucus, increasing the unionized nicotine 

content. 29 The rate of absorption for oral absorption is much slower than inhaled absorption, with 

peak absorption for the latter at 10 minutes then rapidly declining, and oral absorption peaking in 

30 minutes. 29 

 Much research has been conducted on the pharmacological distribution of nicotine through 

tobacco smoking but there is sufficient information on nicotine distribution through nicotine 

replacement therapies (NRTs). Nicotine’s distribution has the lowest abundance in adipose tissue 

but the most in the liver (where it is primarily metabolized) for tobacco smokers. 28,29 For cigarettes, 

the distribution of nicotine reaches its peak level in the bloodstream in approximately 5 minutes, 

meaning the peak nicotine level, approximately 15ng mL-1, drops to a third of this within one hour. 

29 However, for alternative cigarette options, such as NRTs, this effect is much longer: for example 

chewing tobacco reaches a peak nicotine level of 15ng mL-1 after 30 minutes and stays at this level 
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for a further 2 hours. 29 This shows that the distribution of nicotine within these NRTs is slower 

but stays in the vasculature for longer. 29,161 Whilst nicotine distribution through the vasculature 

via tobacco cigarettes is well understood, there is vast evidence in the field to show that NRTs 

keep nicotine in the bloodstream longer. 

 The liver primarily metabolizes nicotine into six known metabolites, the main metabolite 

being cotinine. Humans metabolize about 80% of nicotine to cotinine through the cytochrome 

P450 CYP2A6 liver enzyme. 29,161,162 Nicotine in the bloodstream is 69% unionized and 31% 

ionized due to the blood pH of 7.4, with the unionized form able to cross the blood-brain barrier. 

29,163 Regarding the vasculature, nicotine is known to increase vasoconstriction, whilst its 

metabolite cotinine is associated with vascular inflammation by increasing oxidative stress. 18,164 

It should be noted that multiple factors, such as age, sex, diet, and others can alter the rate of 

metabolism of nicotine. One such example is in adults over 65 which shows the decrease in 

nicotine metabolism partly due to a decrease in liver blood flow. 29 

The excretion of nicotine is done primarily through urine. 29 Nicotine’s half-live in humans 

is approximately 2 hours compared to cotinine which is 16 hours, due to this large difference ways 

to measure nicotine in the human body are by serum nicotine/cotinine levels. 29,165 165 A quarter of 

nicotine ingested is excreted unchanged and the reabsorption of it is highly dependent on pH. 29,166 

However, some studies show that this number is reflective of nicotine metabolites, particularly in 

smokers. 167 Nevertheless, the primary way the body rids itself of nicotine is through renal 

clearance, whether this value is reflective of total nicotine metabolites or total nicotine excreted. 
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1.9 Effects of Nicotine on the Vasculature 

1.9.1   Nicotine and its General Effects on the Vasculature 

Nicotine impacts VSM function through endothelium-dependent and independent 

mechanisms. Nicotine impairs endothelial functions by increasing reactive oxygen species (ROS). 

150 Generally, the mechanism of action by how nicotine increases ROS is by disrupting 

endothelial nitric oxide synthase (eNOS), which produces the potent vasodilator nitric oxide (NO). 

168 An essential component of NO synthesis is oxygen radicals and the dysfunction of eNOS by 

nicotine causes an increase in ROS and impairment of NO-dependent vasodilation. 150,168 This is 

not a phenomenon that is not just linked to conventional tobacco cigarette smoking, rather with 

the rise of vaping from 2010 onwards, there have been increasing links of vaping causing 

impairment in  NO-dependent relaxation. 150,169 It is generally accepted that endothelial 

dysfunction is present in both forms of nicotine use. 150,169 Whilst it does appear that NRTs are not 

as impactful to endothelial dysfunction they do exert an effect. 170,171 Nicotine circulating the body 

is carried by the blood and the first area of contact is the endothelium, therefore the impact on it is 

highly relevant but it is one component of a vast system. 

The effect that nicotine has on ion channels within the vasculature is broad and, in some 

cases, irreversible. Many studies show the effect of cigarettes on vascular ion function, one such 

example is the work of Le et al. where mice were exposed to secondhand smoke (SHS) for 12 

weeks. 79 It is shown by this work that SHS impairs mesenteric arterial myocyte myogenic tone, 

and that ion channel function is altered. 79 There was a clear observation of a decrease in the BK 

channel current amplitude whereby the SHS-exposed mice had a  depolarized membrane potential 

compared to the sham, which was also correlated with increased LTCC function. 79 The literature 

is clear on this subject that there is a vast array of ion channel alterations that occurs with nicotine 
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consumption. 156,172 One such study by Tang et al, explored how nicotine alters on potassium (K+) 

channel currents in the VSMCs. 173 This study used arterial smooth muscle cells from a rat tail to 

study the K+ channels. 173 Their discovery was the first to show that nicotine diversely affects the 

whole-cell K+ channel currents in VSMCs. 173 Thus nicotine can affect ion channels function by 

altering the expression or activity. 

Indeed, with the VSM, nicotine has been shown to exert a more vasoconstrictive effect and 

this appears to be modulated increasingly by adrenergic stimulation. 150 Whilst some of this effect 

is linked to the NO-dependent vasorelaxation being impaired by vascular endothelial dysfunction 

resulting in increasing vasoconstriction, the literature also clearly shows links to adrenergic 

stimulation. 150 As described nicotine increases catecholamine being released from the post-

synaptic nerves and this in turn activates α-adrenoceptors in VSM causing vasocontraction. 172,174 

Olfert et al conducted a study to show the cardiovascular effects of using ENDS, exposing mice to 

either ENDS vapor, TS, or filtered air for 8 months. 175 One experiment they conducted was to 

extract the mice’s aortas and then measure their arterial reactivity using wire myography. 175 

Beyond their general conclusions of finding that chronic ENDS exposure accelerates arterial 

stiffness and impairs aortic endothelial function, they specifically found that there were alterations 

to the adrenergic response. 175 Showing that both TC and ENDS showed an increased 

responsiveness to α-AR (Alpha-adrenergic receptor) agonist, phenylephrine (PE). 175 From this 

study they concluded that α-AR vasoconstrictor response was greater in TC and ENDS exposed to 

mice. 150,175  

It has also been shown that epinephrine concentration is higher in the arterial plasma of 

smokers, users of nicotine nasal sprays, and intravenous users. 176 These increases in epinephrine 

caused by nicotine stimulation of the sympathetic nervous systems increase the likelihood of 
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alterations in the vasculature tone of arteries. However, the downstream mechanism by how 2-

AR is altered is not known but one potential mechanism is through alterations in cAMP levels. 

Due to nicotine’s addictive potential, much research has been dedicated to the study of 

nicotine's effects on the brain and its association with addiction. There have been studies 

examining the role of cAMP in dopamine release and its association with nicotine addiction. 177 

Hamada et al studied the regulatory role of nAChRs in dopaminergic signaling within the striatum 

and how this is affected by nicotine. They discovered that nicotine stimulates dopamine release 

through specific nAChR subtypes, which then affect the phosphorylation of Dopamine- and 

cAMP-regulated phosphoprotein (DARPP-32), a protein involved in signaling pathways.  Another 

study, by Sun et al exposed rats to varying doses of nicotine that would lead to different states of 

activation and desensitization in nAChRs. 178 They then examined the activities of cAMP-

dependent PKA and PKC in the rat brains corresponding to these nAChR states. Where they found 

that desensitized nAChRs in the rat brain have the ability to suppress PKA and PKC activities, 

which may potentially contribute to the development of nicotine dependence. 178 However, the role 

of nicotine and how cAMP signaling is affected, in the vasculature, is less explored. PDE4 

expression has been shown to be increased in the airway smooth muscle of murine models of 

cigarette smoke exposure. 127 Higher levels of PDE4 expression was associated with increased 

airway reactivity and a blunted vasodilatory response to -AR agonist in the animals exposed to 

cigarette smoke compared to sham control. 127 This study concludes that lower cAMP levels are 

due to increased PDE expression with SHS exposure, but the work presented in Chapter 2 does 

not share this same result. 127 What is missing in the literature is the effect of nicotine, without the 

additives that are present in tobacco or ENDS, on the cAMP signaling in the vasculature. This is 

of clear importance, as cAMP controls many pathways but importantly controls excitability in the 
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vasculature. There is a great need to understand the impact of nicotine on cAMP signaling in 

arterial myocytes and how this may impact receptor-mediated vasodilation.   

1.9.2   Nicotine and Vascular Pathology 

 Nicotine consumption has been implicated in many vascular pathologies, including 

atherosclerosis, coronary spasms, hypertension, and aortic aneurysms, to name a few. 18,179 CVD 

is the leading cause of premature deaths globally, responsible for approximately 18 million deaths 

a year. 18,179,180 With nicotine users, primarily tobacco smokers, and growing evidence of vaping 

use increasing the risk factor for cardiovascular disease comorbidities. 164,179,181 Presented here are 

a few common vascular diseases, atherosclerosis, and hypertension that are a direct result of 

nicotine consumption. 

Atherosclerosis and nicotine consumption are closely linked, with a large body of work to 

show how the latter increases the chances of getting the former. Atherosclerosis is a chronic 

inflammatory disease characterized by the buildup of fatty deposits, cholesterol, and calcium in 

the walls of arteries. 54,182 It is a major underlying cause of cardiovascular diseases such as coronary 

artery disease, heart attacks, and vascular complications. It is thought that nicotine accelerates 

atherosclerosis by promoting macrophage pyroptosis and increasing the ROS that damages NO-

dependent relaxation. 183 Although the signals of nicotine and its links to atherosclerosis may not 

be linear, it is noteworthy that the contributions of nicotine to this disease are clear.  

Nicotine increases the risk of developing hypertension 18,28,179 defined as consistently-high 

blood pressure in arteries that is higher than 140/90 mmHg (diastolic/systolic). 184,185 Nicotine 

exacerbates vasoconstriction, which will progress chronic hypertension to more malignant  

hypertension that will increase morbidity sooner. 18 One study showed that male dual users of 

tobacco cigarettes and electronic nicotine delivery systems (ENDS) had an increased risk of 
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hypertension compared to users that preferred one device over the other. 184 Hypertension is then 

considered to be the biggest risk factor in other diseases such as coronary artery disease, atrial 

fibrillation, and stroke. 184,186 It is important to note that the effects of nicotine on blood pressure 

can be acute or long-term, and this also depends on other factors such as race, age, diet, etc. It 

should be of concern though that nicotine and hypertension are linked, and this is the first step to 

other cardiovascular diseases. 

1.10   Summary of Chapter One and Knowledge Gaps  

1.10.1   Chapter Summary 

 Through the course of this first chapter, we reviewed the vasculature system, arteries, 

cAMP regulation, nicotine, and nicotine’s effect on the vasculature. This dissertation work 

addresses the knowledge gap of how nicotine alters cAMP signaling in the vasculature. It is known 

that nicotine is linked to cardiovascular disease, whereby a clear link exists between nicotine and 

the impairment of NO-dependent relaxation through the endothelium. In addition, most studies 

focus on the connection between nicotine increasing vasoconstriction and how this links to the 

increased likelihood of hypertension. However, few studies have explored the effect of beta-

adrenergic relaxation on the vasculature and tested if there are any alterations to this mechanism. 

Additionally, there have been no studies on how cAMP levels are altered by nicotine regarding 

vascular relaxation.  

 Chapter 2 explores nicotine's specific impact on receptor-mediated cAMP synthesis and 

vascular reactivity. We hypothesized that nicotine impairs receptor-mediated cAMP signaling in 

arterial myocytes. Here it is shown that in nicotine-infused mice with activation of the β-AR 

pathway resulted in reduced cAMP synthesis and impaired vascular dilation.  Show that the 
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alterations in vascular cAMP signaling have the potential to modulate the deleterious vascular 

effects of nicotine, such as increased incidence of cardiovascular disease and higher risk of 

cardiovascular-related mortality. 187-189 
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Chapter 2   Nicotine Impairs cAMP 

Signaling in Aortic Smooth Muscle Cells 

The content of this chapter is in preparation for publication:  

N Singhrao, VA Flores, GR Reddy, AE Burns, Kent Pinkerton, Chao-Yin Chen, MF Navedo, M 
Nieves-Cintrón., “Nicotine impairs cAMP signaling in aortic smooth muscle cells”, 
Microcirculation  
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Abstract 

Cigarette smoke has detrimental cardiovascular effects. Mice exposed to cigarette smoke 

showed an attenuated synthesis of cAMP in response to the -AR agonist ISO. Multiple 

components of cigarette smoke can contribute to its cardiovascular toxicity, including acute and 

chronic nicotine effects. The study’s goal is to determine the specific impact of nicotine on 

receptor-mediated cAMP synthesis and vascular reactivity. We hypothesize that nicotine impairs 

receptor-mediated cAMP signaling in arterial myocytes. Consistent with our hypothesis, the smoke 

effects on ISO-induced cAMP synthesis were recapitulated in arterial myocytes from mice infused 

with nicotine. This nicotine-induced reduction in receptor-mediated cAMP synthesis was 

correlated with reduced ISO-induced vasodilation. Our results suggest that nicotine impairs 

receptor-mediated cAMP signaling leading to altered vascular reactivity.    

2.1   Introduction  

TS exposure is associated with poor arterial integrity, coronary artery disease, stroke, 

altered arterial contractility, and hypertension. 12,13,79 The implementation of smoke-free policies 

and public awareness have reduced smoking rates in the last decades. 17 However, alternative-

nicotine delivery systems that minimize or eliminate tobacco combustion products (e.g., nicotine 

patches, gum, ENDS, etc.) have gained popularity as “safer” alternatives to conventional cigarettes. 

This notion of safety has been challenged by studies showing that nicotine can contribute to arterial 

dysfunction, including arterial stiffness and enhanced arterial constriction. 23,24,31,187-189 Although, 

all the vascular alterations have well-established endothelial components, the roles and potential 

mechanisms underlying nicotine-mediated modifications in arterial smooth muscle function are 
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less clear. The increase in the prevalence of nicotine usage globally warrants a better understanding 

of the specific impact and mechanisms of nicotine effects on vasculature responses. 9,27,190,191   

Nicotine is a strong sympathomimetic with significant effects on the cardiovascular 

system18 and has been shown to alter cellular cAMP production. 10,11,129 Arterial myocytes receive 

many inputs from sympathetic nerves that regulate vascular reactivity by activating GSPCRs. 192 

The ubiquitous second messenger cAMP is synthesized by ACs in response to the activation of 

various GSPCRs and plays a critical role in vascular function. 6,7,193,194 Importantly, arterial 

myocyte cAMP signaling has been traditionally linked with relaxation. 1-8 However, how nicotine 

impacts cAMP signaling in the vasculature, particularly in arterial myocytes, and the functional 

implications of these changes are unclear.  

This study tested the hypothesis that nicotine impairs beta-adrenergic-mediated cAMP 

signaling in arterial myocytes. The effects of nicotine on cAMP signaling and vascular function 

were systematically tested in acutely isolated aortic rings from mice expressing the cAMP sensor 

TEpacVV (CAMPERSM) in VSM infused with nicotine. Our data revealed a blunting effect of 

nicotine on beta-adrenergic-mediated cAMP levels. This change in cAMP signaling correlated 

with impaired beta-adrenergic-mediated vasodilation. PDE inhibition rescued beta-adrenergic-

mediated vasodilation. Moreover, aortic tissue from nicotine-exposed mice showed decreased 

protein expression of adenylyl cyclase 6 (AC6). These results highlight a mechanism whereby 

nicotine impacts vascular reactivity by affecting cAMP synthesis and degradation. These changes 

in cAMP signaling may contribute to the sequelae of cardiovascular risks observed in users of 

nicotine-containing products.           
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2.2   Methods  

2.2.1 Animals 

 All animal-related procedures were performed in strict compliance with protocols 

approved by the Institutional Animal Care and Use Committee at the University of California, 

Davis. Eight-week-old C57BL/6J mice were acquired from The Jackson Laboratory. We crossed 

the CAMPERSM reporter mouse (which ubiquitously expresses the latest-generation cAMP sensor, 

TEpacVV, preceded by loxP-Stop-loxP)195 with the SM22-Cre mouse for smooth muscle-specific 

expression.    

2.2.2 Secondhand Smoke 

Adult C57BL/6J male mice were randomized into filter air (FA; control group) or SHS 

exposed group. Mice were allowed to acclimatize to the exposure facility before starting the 

exposures. Humidified 3R4F research cigarettes (Tobacco Health Research Institute; Lexington, 

KY) were used to produce smoke. An automatically metered puffer generated smoke under Federal 

Trade Commission conditions (35 mL puff, 2 s duration, and 1 puff/minute). The target smoke 

concentration was set at 3 mg/m3.      

2.2.3 Nicotine Infusion and Serum Nicotine Levels 

 Mice were surgically implanted with osmotic minipumps (model 1007D, Alzet Durect 

Corporation, Cupertino, CA). The nicotine concentration was 6 mg/kg/day. Mice were infused 

with nicotine for 7 days. Blood was collected via cardiac puncture. Blood was spined down in 

serum separator tubes, and the serum samples were stored in cryogenic vials at -20°C until 

nicotine/cotinine measurements were conducted. Samples were analyzed for nicotine using a 

Varian GC-MS/MS system, with a 450-gas chromatograph interfacing a 320 triple quadrupole 
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mass spectrometer with electron ionization and positive/negative chemical ionization source at the 

Clinical Pharmacology laboratory at the University of California San Francisco. 

2.2.4 Wire Myography 

The entire length of the thoracic aorta from the heart to the diaphragm was carefully 

removed and placed in a Petri dish with 4°C Krebs-Ringer solution (KREBs) buffer consisting of 

(in mM: 119 NaCl, 4.7 KCl, 0.24 NaHCO3, 1.18 KH2PO4, 1.19 MgSO4, 5.5 glucose, and 1.6 

CaCl2). The connective tissue was carefully removed, and the aorta was cut into 3-4 mm segments. 

Aortic segments were mounted in a wire myograph (DMT Multi Wire Myograph System - 620M) 

with a vertical wire system, using a 40 µm diameter wire, then connected to an isometric strain 

gauge transducer. Transducer signals were fed into an 8-channel PowerLab A/D converter and 

recorded on a PC using LabChart software. 

The organ bath containing 5 mL of KREBs solution was maintained at 37°C and bubbled 

with 5% CO2: 95% O2. An extra 500 mL of KREBs solution was bubbled and kept at 37°C for 

washing the organ bath. 196,197 The tension of the aortic segments was then set to a normalizing 

tension of 10 mN (~1g) over 10 min. period (approximately 1mN/min). 197,198 The stabilization 

period was followed by a 5-minute contraction using 60 mM KCl KREBs, then washing twice for 

5 minutes with 37°C KREBs solution, allowing tension to return to 10 mN. 197 This step was 

repeated but with 10 min contraction of 60 mM KCl, KREBs to fully contract the artery, followed 

by washing with 37°C KREBs twice. 197 Aortic rings were precontracted with PE (1 M; Sigma 

1001166140) for 10 mins. Arteries with a PE-evoked wall tension of < 1mN were excluded from 

the analysis. After contraction by 1µM PE, a dose-response curve was conducted using (+)-ISO 

(+)-bitartrate salt (ISO; Sigma 14638-70-1), ranging from 1nM to 10µM by cumulatively adding 

increasing ISO concentrations into the wire myographs organ bath. The aorta segment was allowed 
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to equilibrate for 5 mins in the organ chamber after adding each ISO concentration. The 

phosphodiesterase 3 (PDE3) or 4 (PDE4) inhibitors cilo (100 nM, Caymen Chemical 14455) and 

roli  (100 nM, Abcam ab120029), respectively, were added simultaneously with PE. Vessel tension 

was allowed to stabilize for 10 mins. after addition. An ISO dose-response curve was conducted 

as before. At the end of each experiment, 10µM forskolin (FSK) (Millipore Sigma 66575-29-9), 

dissolved in Ca2+ -free PSS (in mM: 119 NaCl, 4.7 KCl, 1.2 KH2PO4,1.2 MgCl2, 7 glucose, 24 

NaHCO3, and 5 EGTA) was added to each organ chamber to get maximal relaxation of the aorta 

segments.  

2.2.5 FRET 

CAMPERSM mice were implanted with osmotic pumps containing either saline or nicotine 

(6mg/kg/day). After 7 days with the pumps, CAMPERSM mice were sacrificed, and the aorta was 

carefully extracted and cleaned of connective tissue and fat in Magnesium physiological salt 

solution (MgPSS) at 4°C. The segments were then canulated in a stage containing 3 mL 

Dulbecco’s Phosphate Buffered Saline (DPBS, Cat-No 14190144) at 4°C. Live-FRET images 

were acquired using a Leica DMI3000B inverted fluorescence microscope (Leica Biosystems, 

Buffalo Grove, IL) equipped with a Hamamatsu Orca-Flash 4.0 digital camera (Bridgewater, NJ), 

controlled by Metafluor software (Molecular Devices, Sunnyvale, CA). Images were collected 

using a 10x air objective lens (Olympus UPlanFL N 10x). The donor fluorophore was exited at 

430-455nm, and emission fluorescence was detected with two filters (475DF40 for cyan and 

535DF25 for yellow). Images were acquired every 20 s, and the background was subtracted. 

Arterial rings were allowed to equilibrate for 5 minutes, and a FRET fluorescence baseline was 

established by calculating the donor/acceptor FRET ratio and then normalizing it to the ratio 

without the stimulator. After establishing the baseline, the aortic rings were challenged with 
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100nM ISO. At the end of the experiments, 100µM 3-isobutyl-1-methylxanthine (IBMX; CAS 

number: 28822-58-4, ToCris, China) and 10µM FSK (CAS-No: 6675-29-9, Sigma-Aldrich, USA) 

were added simultaneously to obtain maximal cAMP stimulation. Averages of normalized curves 

and maximal response to stimulation were graphed based on FRET ratio changes. Experiments 

were performed at RT (22-25°C). 

2.2.6 Western Blot 

 Thoracic aortas were collected from adult mice and kept at 4°C in a nominal Ca2+-free 

solution (containing mM: 5 KCl, 140 NaCl, 2 MgCl2, 10 Glucose, 10 HEPES). Aortas were 

cleaned from connective tissue and homogenized in RIPA lysis buffer solution consisting of (mM): 

50 Tris-HCl, 0.04% sodium dodecyl sulfate (SDS), 150 NaCl, 1 EDTA, 1% Triton X-100 with 

protease inhibitors (complete mini EDTA-free, Roche, 11836170001) and phosphatase inhibitors 

(phosphatase inhibitor cocktail set V, Calbiochem, Germany, 524629) supplemented with 2 μM 

microcystin LR (EMD Millipore, Germany, 475815). Four to five independent experiments 

pooling tissue from two mice per condition were conducted. Arterial lysates were centrifugated at 

12,000 rpm for 20 min at 4° C. The supernatant was collected, and the total protein was quantified 

with a BCA protein assay kit (ThermoFisher, 23235) and assay plate reader (CLARIOstar Plus 

BMG LABTECH). The protein samples were heated to 65°C for 20 minutes in the SDS sample 

buffer (Bio-Rad; 1610737).  

A precast stain-free gradient SDS-polyacrylamide (4-20%) gel (Bio-Rad; 4568094) was 

used to separate proteins (1hr, 200V, room temperature). Proteins were transferred (20 h at 50 V 

and 4°C) to polyvinylidene difluoride membranes (Merk Millipore; IPFL00005). Transfer buffer 

consisted of (mM): 25 Tris base,192 mM Glycine, 10% methanol, and 0.05% SDS. Membranes 

were incubated in a blocking buffer comprised of 5% albumin bovine fraction V (Research 
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Products International; A30075) in tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h at 

room temperature (25°C) before overnight incubation in primary antibodies at 4°C. Rabbit anti-

AC5 (1:200, Thermo Fisher, PA5-38843) and rabbit-antic AC6 (1:200, Thermo Fisher; PA5-

107053) were used to detect the adenylyl cyclase isoforms AC5 and AC6, respectively. 1 and  2-

ARs were detected with rabbit anti-1 antibody (1:200, Thermo Fischer, PA1-049) and rabbit anti-

2 (1:200, Biorbyt, orb22348) respectively. PDE isoforms were detected with specific rabbit anti-

PDE3 (1:50, Thermo Fischer Scientific, PA1-31151) and PDE4 (1:200, Thermo Fischer, PA5-

29481). Following AB incubation, membranes were washed 3 times/ 5 mins with a blocking buffer. 

Membranes were incubated with horseradish peroxidase (HRP)-labeled goat anti-rabbit antibody 

(1:2000; Invitrogen, 31460) with a blocking buffer. We used a stripping solution of  6M GnHCl, 

0.2% Nonidet P-40 (NP-40), 0.1M β-mercaptoethanol, 20mM Tris-HCl, pH7.5 to dissociate 

antibodies from the western blots without removing significant amounts of the transferred proteins. 

199 When noted, the detection of PDE4 was carried out after the stripping solution and re-probing 

it with the anti-PDE4 antibody in a 5% BSA in TBST solution. 200 The same was done for AC5 

and AC6 protein antibodies. The same was done for AC5 and anti-AC6 protein antibodies. 

Chemiluminescent Substrate SuperSignal West Pico (catalog # 34579), Femto (catalog # 34096), 

or Atto (catalog # A38554) (Thermo Fisher Scientific), and a Chemidoc MP system (Bio-Rad) was 

used to detect target proteins. Immunoreactive bands were analyzed by using Image Lab version 

6.1 (Bio-Rad). The densitometric signal of the target proteins was normalized to the total protein 

signal obtained from the stain-free bolts and then expressed as a relative density ratio of target 

protein/ total protein. 201  
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2.3   Results 

2.3.1 SHS exposure reduces receptor-mediated cAMP levels in VSM  

Aortic VSM from mice exposed to environmentally relevant SHS concentration showed a 

decrease in cAMP synthesis in response to the β-adrenergic agonist ISO (Fig. 2.1A-B), but this 

was reversed by using the PDE inhibitor IBMX (Fig. 2.1C-D). These results are consistent with 

research showing lower cAMP levels in the airways epithelial and smooth muscle cells from 

animal models of cigarette smoke exposure. 9,127 Multiple components of TS can contribute to its 

vascular effects, including nicotine. 14-16 To determine the specific impact of nicotine on arterial 

myocyte cAMP signaling, in the next series of experiments, we tested the effects of in-vivo 

infusion of nicotine on cAMP signaling in VSM. 

 

Figure 2.1 – Decrease receptor-mediated cAMP levels in VSM form SHS exposed mice.  

Time-course of iso-induced cAMP changes (A) and bar plot of maximum FRTE response (B) in aortic 
smooth muscle cells from filter air (FA) and second-hand smoke-exposed mice (SHS) in the absence and 
presence of the PDE inhibitor IBMX.  
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2.3.2 Nicotine exposure impairs receptor-mediated cAMP signaling in-vivo 

We next determined how in-vivo nicotine infusion impacts cAMP signaling in freshly 

isolated aortas. We used genetically engineered mice expressing a cAMP biosensor, specifically 

in VSM (CAMPERSM) (Fig. 2.2A-B). The TEpacVV-based sensor (Fig. 2.2A) in the CAMPERSM 

mice has a large dynamic range and robust tissue expression, thus allowing us to assess cAMP in 

freshly isolated aortic rings. The CAMPERSM mice were infused with nicotine (6 mg/Kg/day) for 

7 days via osmotic minipump. Serum samples were analyzed for nicotine; mice infused with 

nicotine had average plasma levels of 8.0   2.0 ng/mL; nicotine was not detected in blood samples 

from sham mice (Fig. 2.2C). Life-FRET imaging was performed in aortic rings from acutely 

isolated aortas from sham and nicotine-infused CAMPERSM mice. cAMP was stimulated by 

adding 100 nM ISO to the bath. Stimulating with iso (100 nM) produced a decrease in the FRET 

signal, indicating an increase in cAMP levels (Fig 2.2D-F). ISO-induced cAMP responses were 

significantly lower in aortic rings from nicotine-infused mice (4.819±1.083%) compared to sham 

mice (15.14±0.9925%) (Fig. 2.2F), suggesting that nicotine impairs cAMP signaling in VSM.    

Cigarette smoke has been shown to increase the expression of PDE4 and PDE3 in airway 

smooth muscle, which has been implicated in airway overactivity in individuals exposed to 

cigarette smoke Field. 129 We use a pharmacological approach to probe the involvement of these 

PDEs in the nicotine-induced reduction of cAMP in VSM. Iso-induced cAMP responses were 

measured in freshly isolated aortas from sham and nicotine-infused mice in the presence and 

absence of the specific PDE4 and PDE3 inhibitors roli (10nM) and cilo (100nM), respectively (Fig. 

2.2E ii and iii). Simultaneous application of iso + roli or iso + cilo produced an increase in cAMP 

in aortic rings from sham mice that were 34.62±3.925% and 35.62±5.563%, higher, respectively, 

than iso alone (Fig. 2.2D-F). Both roli (Fig. 2.2E ii & F) and cilo (Figure 2.2E iii & F) significantly 
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increase iso-induced cAMP in aortic rings from nicotine-infused mice. Together these results 

suggest that nicotine impairs cAMP signaling through a mechanism involving at least in part PDE3 

and PDE4. 

 

 

Figure 2.2 – Chronic nicotine infusion impairs cAMP signaling in freshly isolated aortic rings.  

A) Schematic representation of the TEpacVV-based sensor and B) breeding strategy to generate smooth 
muscle-specific CAMPERSM mice. C) Bar-plot of nicotine levels in sham and nicotine-infused mice. D) 
Representative-pseudo color images of acutely isolated aortic rings. E) Representative traces of iso-induced 
changes in cAMP detected in acutely isolated aortic rings from sham (sh) and nicotine-infused (nic) mice 
in the absence (i) and presence of PDE inhibitors rolipram (roli; ii) and cilostamide (cilo, iii). F) Bar-plot 
of iso-induced cAMP normalized to the maximum response obtained after simultaneous application of the 
broad adenylyl cyclase activator and PDE inhibitor FSK and IBMX, respectively. 
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2.3.3 Reduced iso-induced vasodilation in nicotine-exposed mice 

We use wire myography to test the functional consequences of reduced cAMP signaling 

after nicotine exposure. We started by measuring the vasodilatory responses elicited by iso on 

aortic rings from sham and nicotine-infused mice that had been pre-constricted with PE (1M). 

After stable tension to PE was established, increasing concentrations of iso were cumulatively  

added to the bath to generate a concentration-response curve. The iso-response curve for aortic 

rings from nicotine-infused mice shows a rightward shift compared to the sham control (Fig. 

2.3A&F). The average half-maximal effective concentration (EC50) for iso-induced dilation was 

0.53  0.18 M for aortic rings from sham mice and 1.4  0.19 M for nicotine-infused mice (Fig. 

2.3E, Table 1). These results suggest an impairment of -adrenergic-mediated dilation in animals 

exposed to nicotine.  

2.3.2 PDE inhibition restores iso-induced dilation 

Since PDE4 and PDE3 inhibition rescues iso-induced cAMP, we tested whether inhibiting 

these PDEs will restore iso-induced vasodilation. We started by characterizing the effect of PDE4 

and PDE3 inhibitors roli and cilo, respectively, on PE-induced tension. PE elicited an average 

tension of similar magnitude in aortic rings from sham and nicotine-infused mice (Fig. 2.3B). Roli 

(10 nM) or cilo (100 nM) were added simultaneously with PE (1 M) to induce tension and 

determine the effect of PDE inhibitors on PE-induced tension. In sham aortic rings, the tension 

caused by PE+roli and PE+cilo (1.65 ± 0.219 and 2.56 ± 0.219 mN) was significantly lower than 

the tension caused by PE alone (4.15 ± 0.517 mN; P < 0.05). In aortic rings from nicotine-infused 

mice, PE, and PE+roli-induced tension was 4.01 ± 0.379 and 2.76 ± 0.293 mN, respectively (P > 

0.05). On the other hand, PE+cilo induced a tension of 1.55  0.120 mN, which was significantly 
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lower than PE alone (P < 0.05). These results indicate that inhibiting PDE4 and PDE3 impact basal 

PE-induced tension. Thus, the effects of PDE4 and PDE3 in modulating iso-induced dilation after 

chronic nicotine infusion were determined in aortic rings from sham and nicotine-infused mice 

after inducing tension by the simultaneous addition of PE+roli or PE+cilo.  

Once a stable tension with PE+roli or PE+cilo was achieved, increasing iso 

concentrations were added to the bath as before to generate dose-response curves. As 

illustrated in Fig. 2.3 C&D, for both sham and nicotine, there was a leftward shift in the iso-

response in arteries pre-contracted with PE in the presence of roli (Fig. 2.3C) or cilo (Fig 

2.3D) compared to PE alone (dotted lines). The iso-response curve for aortic rings from 

nicotine-infused mice precontracted with PE/roli was left-shifted compared to PE/roli sham 

(Fig 2.3C). The difference in EC50 for iso-induced dilation was not statistically significant, 

however for PE+roli pre-constricted aortic rings from nicotine and sham animals (0.71  

0.18 M, 0.22  0.31; respectively, P = 0.17), respectively (Fig. 2.3C&F; Table 1). Cilo, 

however, brings the iso-response curves to the same level as sham arteries precontracted 

with PE+cilo (Fig. 2.3D&F, Table 1). These results suggest that PDE4 and PDE3 may 

contribute to blunted iso-induced dilation in nicotine-infused mice. The data point to a 
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stronger contribution of PDE3 to impaired iso-induced dilation in nicotine-infused mice.  

 

Figure 2.3 – Impaired iso-induced vasodilation in nicotine-exposed mice.  

A) Dose-response curve for iso-induced dilation of aortic rings precontracted with phenylephrine (PE, 

1M). B) Bar-plot of PE-induced tension in aortic rings from sham and nicotine-infused mice in the 
presence and absence of roli and cilo. Dose-response curve for iso-induced dilation of aortic rings 

precontracted with PE 1 in the presence of roli (10nM) (C) or cilo (D). The dotted lines represent the iso-
induced dilation of aortic rings precontracted with phenylephrine alone (shown in panel A). E) Graphical 
representation of the change in tension as a function of iso-concentration between sham and nicotine in the 
absence (ct) and presence of roli and cilo. F) Bar-plot of EC50 for iso-induced dilation. 
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2.3.3   Nicotine Effect on Expression of cAMP pathway components 

Next, we examined the expression of relevant up and downstream targets in the regulation 

of cAMP signaling upon -AR stimulation, starting with the -AR. The expression of 1 and 2-

AR did not change significantly in aortic lysates from sham and nicotine Fig. 2.4A. Next; we 

examined the expression of adenylyl cyclase isoforms AC5 and AC6 and PDE3 and PDE4 to test 

whether changes in the expression of enzymes responsible for cAMP synthesis, degradation, or 

both were involved in lower cAMP levels in the aorta of nicotine-treated mice. Immunoblots 

analysis showed similar expression levels for AC5 in sham and nicotine-infused mice. In the case 

of AC6, however, western blot analysis shows a decrease in expression levels of nicotine relat ive 

to the sham control. Meanwhile, the expression levels of PDE4 and PDE3 were not significantly 

different between aortic tissues from nicotine or sham mice. These results suggest that decreased 

cAMP levels after chronic nicotine exposure are at least partly due to decreased expression of AC6.  
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Figure 2.4 – Chronic nicotine infusion impairs AC6 expression.  

Immunoblot analysis of expression levels of 1 and 2-AR (A), PDE 3 and PDE4 (B), and AC5 and AC6 
(C).    



  51 

2.4   Discussion  

TS exposure is associated with altered vessel excitability, poor arterial integrity, coronary 

artery disease, hypertension, and stroke. 12,13 Multiple components of TS can contribute to its 

vascular toxicity, including particulate matter inhalation, toxicant exposure, and acute and chronic 

effects of nicotine. 14-16 Research suggests that nicotine can contribute to arterial dysfunction, 

including arterial stiffness, vascular calcifications, and enhanced arterial constriction. 23,24 

Although the vascular alterations have well-established endothelial components, the roles and 

potential mechanisms underlying nicotine-mediated modifications in arterial smooth muscle 

function are less clear. In this study, we evaluated the effects of chronic nicotine exposure on AR-

mediated cAMP signaling in smooth muscle from acutely isolated aortic rings. We showed that 

arterial myocytes from mice exposed to cigarette smoke had decreased cAMP in responses to the 

β-adrenergic agonist ISO. Moreover, acutely isolated aortic rings from mice expressing the cAMP 

sensor TEpacVV  (CAMPERSM) in smooth muscle infused with nicotine showed reduced iso-

induced cAMP levels. These results are consistent with studies showing impaired cAMP in airway 

cells in an animal model of cigarette smoke exposure. 129  

AC isoforms synthesize the ubiquitous second messenger cAMP in response to GSPCRs 

activation. cAMP regulates many processes in arterial myocytes, including growth, differentiation, 

and excitability. 109 For example, cAMP signaling has been shown to maintain low rates of 

proliferation while promoting the contractile phenotype of differentiated arterial myocytes. 109,202 

In differentiated arterial myocytes, cAMP signaling strongly correlates with relaxation. 112  

Accordingly, we found that reduced cAMP levels resulted in impaired iso-induced vasodilation of 

precontracted aortic rings. Our data shows that PE-induced tension was not different between sham 

and nicotine-infused mice. This result contrasts with research suggesting nicotine may promote 
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contraction via increased responsiveness to alpha-adrenergic agonists (e.g., NE, PE). This 

discrepancy could be due to differences in exposure methods (inhaled vs. subcutaneous nicotine 

administration in our study. It could be due to sex differences since the reference study used female 

mice while ours used male mice. Future studies should address potential sexually dimorphic 

reactivity to -AR agonists.   

cAMP signaling is regulated by PDEs, which degrades cAMP. 123,203 Nicotine has been 

shown to increase PDE activity in airway cells and cavernosal VSM. 129 Our experiments showed 

that acute inhibition of PDE4 and PDE3 isoforms increases cAMP in sham aortic rings and rescues 

receptor-mediated cAMP signaling aortic rings from mice exposed to nicotine. 194,204 At the 

functional level, acute inhibition of PDE4 improved iso-mediated vasodilation. Although a 

rightward shift in the ISO-dose response curve was still observable, the EC50 for iso in the presence 

of roli was not statistically different between sham and nicotine conditions. Meanwhile, acute 

PDE3 inhibition rescue the iso-induced vasodilation to sham levels.  These results suggest that 

PDE4 and PDE3 regulate cAMP basally and contribute to nicotine-induced changes in receptor-

mediated cAMP signaling in arterial myocytes. Moreover, the data indicate a stronger contribution 

of PDE3 to nicotine-induced changes in cAMP signaling in VSM.  

cAMP signaling was restored when PDEs were inhibited, indicating that nicotine may act 

on the cAMP signaling pathway beyond direct action on the GsPCR. Accordingly, protein 

expression levels of 1 and 2-AR were no different between sham and nicotine-exposed mice. 

Although the nicotine-induced decrease in ISO-induced cAMP and dilation was ameliorated by 

PDE inhibitors roli and cilo, we didn’t find a significant difference in PDE4 and PDE3 protein 

levels between sham and nicotine-infused mice. We, however, found a decreased expression of 

ACs isoform AC6. Thus, lower cAMP levels may be due to reduced expression of AC6. But 
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enough AC enzyme activity remains that cAMP can be restored by inhibiting PDE. These, 

however, do not entirely explain the more substantial effect of PDE3-inhibitor cilo in rescuing 

ISO-induced vasodilation. One possible explanation is that nicotine leads to a redistribution of 

PDE3, bringing its hydrolyzing activity closer to beta-AR and AC enzymes. Future studies should 

determine nicotine effects on the subcellular distribution of PDE isoforms. 205 

cAMP orchestrates various functions in VSM; it regulates contractility and arterial wall 

stability. In mice lacking expression of stimulatory protein alpha (Gs), lower cAMP levels were 

associated with increased aneurysm formation. 206 Moreover, PDE3 and PDE4 inhibitors have 

been shown to ameliorate aortic aneurism in animal models. 131,207 Thus, deleterious vascular 

effects of nicotine, including increased incidence of cardiovascular disease and higher risk of 

cardiovascular-related mortality, may be modulated through alterations in vascular cAMP 

signaling. 7–9 
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Chapter 3 Discussions and Conclusions 

3.1 Summary of Major Findings and Significance 

 This dissertation aimed to understand the effects of nicotine exposure on cAMP and how 

this alters VSM physiological function. Currently, it is understood that nicotine can contribute to 

arterial dysfunction, including arterial stiffness, vascular calcifications, and enhanced arterial 

constriction, and it impairs endothelium-dependent vasodilation. 23,24,172 However, the roles and 

potential mechanisms underlying nicotine-mediated modifications in the function of arterial 

myocytes. 169 cAMP plays a critical role in the regulation of VSM excitability and reactivity. 

Therefore, there is high significance in understanding how nicotine impacts cAMP signaling in 

VSMCs and how this may impact receptor-mediated vasodilation. 

In Chapter 2, explored the effects of nicotine on cAMP in the VSM and tested the 

hypothesis that nicotine impairs receptor-mediated cAMP signaling in arterial myocytes. We made 

several novel observations. Firstly, SHS decreases cAMP levels in mice cells, and these altered 

cAMP levels can be restored to control levels using IBMX, a non-selective PDE inhibitor. Next, 

we found that cAMP levels in mice exposed to nicotine, through osmotic pumps, significantly 

decreased compared to sham mice. Where normal cAMP levels were restored using either PDE3 

or PDE4 inhibition by cilo and roli respectively. Using this information, the physiological effects 

of decreased cAMP levels were investigated. It was found that nicotine-exposed mice have a 

substantial decrease in vasodilation responses with increased ISO (nonselective -AR agonist). 

From these experiments, it was discovered that inhibition of PDE3, by cilo, not PDE4 inhibition, 

by roli, played a prominent effect in returning nicotine-exposed mice to sham levels of relaxation.  

The final set of experiments showed that AC6 protein expression levels are decreased compared 
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to sham levels, showing an alteration in the production of cAMP. Overall, there are three 

conclusions that can be drawn from these data: 1) Nicotine decreases receptor-mediated cAMP 

signaling in arterial myocytes, 2) nicotine decreases cAMP-mediated vasorelaxation, and 3) 

nicotine-exposed mice have alterations in cAMP vasorelaxation can be restored using PDE3, not 

PDE4 inhibition. 

This work occupies a unique place within the research on nicotine and vasculature, to our 

knowledge we are the first to show that nicotine alters receptor-mediated cAMP levels in the VSM. 

Nicotine usage has primarily been linked with vasoconstriction and the research presented here 

displays that the picture is far more complex. 18 As discussed in Chapter 1, nicotine exacerbates 

vasoconstriction leading to chronic hypertension. 18 Rather than implicating vasoconstriction 

further though, the work here shows that there is an alteration in cAMP levels leading to a blunted 

vasodilation response. Furthermore, we add to the knowledge of PDE involvement in nicotine-

impaired cAMP responses by showing that inhibition of PDE3 and PDE4 recovers cAMP levels 

in these nicotine-exposed mice. 127,208 Specifically, the study demonstrates a novel and crucial 

function of PDE3 inhibition in enhancing cAMP production, leading to a significant recovery of 

nicotine-exposed mice, and restoring them to vasorelaxation levels. This is of particular 

importance when it comes to how PDE3 may be distributed within the VSMCs. Where it has been 

shown that PDE3 is associated more with the SR and this would indicate that perhaps with nicotine 

exposure there is a redistribution of PDE3 within the VSMCs. 209 

In the landscape of a society that still uses nicotine regularly as a stimulant, there are large 

consequences of this work. 9,27,190,191 With the increased rise of vaping among young adults, there 

is a need to understand nicotine's effects, especially since vaping products can deliver such high 

doses of nicotine. 210 The work here falls into this research landscape in a unique way, in that 
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explored are the effects of just nicotine and how this alters the VSM, whereas most other works 

showcase nicotine products, in particular vaping and tobacco products, as a function of all their 

components. Although studying nicotine alone has some disadvantages, there is a lack of real-

world context, as most nicotine users inhale through TC or ENDS. There are potentially significant 

synergistic effects that could be present from the many components of nicotine interacting with 

other aerosolized compounds. However, studying nicotine alone has allowed us to isolate the 

effects of nicotine on the vasculature. It has also allowed us to reduce the confounding factors that 

are present when other compounds are emitted through TC or ENDS. Overall, despite the 

disadvantages, this study has shown the powerful effects of nicotine without additional 

components seen in TC or ENDS, challenging challenges the notion that nicotine is safe and 

providing a relevant consideration for the user of nicotine products such as patches or gum. 

3.2 Contextualizing Research Results: Insights into Vascular Physiology 

This new knowledge of how nicotine alters cAMP causing decreased vasodilation response 

needs to be placed in the context of vascular physiology. Through this next section, the work 

presented here will be placed in the context of the consequences of altered  cAMP levels, vascular 

complications, and potential differences in nicotine on cAMP between the sexes, to provide 

insights into vascular physiology.  

 

3.2.1 Consequences of Lower cAMP Levels in VSM 

There is a significant body of work within vascular physiology d iscussing the potential 

pathologies that occur from lower cAMP levels. It has been found that as humans age, the levels 

of cAMP drop due to the vasculature losing its responsiveness to -AR receptor stimulation. 211,212 

This decrease in cAMP has been shown to be associated with decreased vasodilation responses as 
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humans age and indeed this has been linked to hypertension in elderly patients. 211,213 Schutzer et 

al developed a VSMC model from rat aortas to reproduce the molecular changes observed in the 

vasculature that occur with age. 211 When this group separated out the rats into phenotypic 

segregation (“young”, “mature”, “old” and “old-old”) there was a significant reduction in ISO-

mediated cAMP accumulation. 211 One consequence of this is that cardiovascular disease is 

common in the elderly, in part due to this. 211,212 With regard to nicotine and the data achieved in 

this dissertation, decreased cAMP levels may result in similar outcomes of cardiovascular disease, 

resulting in the increased likelihood of hypertension and other cardiovascular diseases among 

nicotine users.  

There are links between how lower cAMP maybe assist vascular injury recovery and these 

mechanisms may be inhibited by nicotine use. Fantidis et al investigated if cAMP can accelerate 

reendothelization in swine carotid and coronary arteries after injury. 214 The animals were 

subjected to a balloon injury to cause intimal hyperplasia in the carotid artery and then given FSK, 

to increase the cAMP levels. Once the animals had been sacrificed , the carotid artery was extracted 

to determine reendothelization. 214 Where this group found that cAMP increases reendothelization 

and stops fibromuscular proliferation (this promotes thickening of the smooth muscle). 214,215 

Interestingly, a study conducted in rats exposed to 6-8 cigarettes a day (considered high dose), 

found that cigarette smoke increases the development of intimal hyperplasia.  216 Our study shows 

that nicotine decreases cAMP production; thus, nicotine could contribute to increased intimal 

hyperplasia in smokers and users of nicotine-containing products. This would result in the inability 

of reendothelization in smokers, increasing the occurrences of vascular injury.  
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3.2.2 PDE activity and the association with vascular pathologies 

It is important to understand the association of PDE activity with different vascular 

pathologies, as five PDEs are highly specific to hydrolyze cAMP. 122,126 There are many 

downstream signals where cAMP is at the inception, and PDEs help regulate these signals by 

regulating cAMP. It has been shown by a wide variety of literature that PDE dysregulation can 

cause many vascular complications such as atherosclerosis, hypertension, and subarachnoid 

hemorrhage. 217 The work presented in Chapter 2 implicates PDE dysregulation causing altered 

vasorelaxation of nicotine-exposed mice, and there are studies showing that PDE dysregulation is 

linked to vascular complications such as hypertension. 218 In a study by Fan et al, there was an 

association between increased levels of PDE4D and hypertension. 218 One of their discoveries was 

PDE4D promotes VSMC vasocontraction through the cAMP-PKA-MLC signaling pathway and 

that PDE4D knockout mice showed that VSMCs reduced Ang II-induced hypertension. 218 There 

is much evidence indicating how smoking can increase the likelihood of hypertension and 

exacerbate it in current smokers who already have it. 219-221 Whether this is solely due to nicotine 

is still not fully understood, with some studies showing that whilst nicotine does increase blood 

pressure, it is acute but long-term use could also increase the occurrence of diseases like 

hypertension. 18,222 Our study using nicotine-exposed mice appears to align with the association 

that PDE dysregulation does have the potential to increase cardiovascular diseases, such as 

hypertension. This was done using PDE inhibitors, cilo, and roli, to recover the responses on the 

nicotine-exposed mice. Within vascular pathology, there is a link between PDE dysregulation and 

cardiovascular diseases, and the work presented in Chapter 2 appears to show that PDE regulation 

is disrupted by nicotine use. 
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3.2.3 PDE3 prominence and the possible explanation 

As was shown in Chapter 2, PDE3 inhibition has a prominent effect on restoring 

vasodilation in nicotine-exposed mice and this is due to restoration of cAMP levels in nicotine 

exposed-mice. The prominence of PDE3 in this regard needs to be explored further but one 

possible explanation is that PDE3 is redistributed within the cell because of nicotine exposure. 

Interestingly, PDEs are not distributed throughout the cell homogenously. 209,223,224 For example, 

in cardiomyocytes, PDE2 is anchored to the plasma membrane, whilst PDE4 is associated with the 

plasma membrane and nuclear envelope. 205,209 One review suggests that the specificity of this 

highly organized distribution of PDEs is perhaps a reason for many pathologies, such as cancer 

and neurodegeneration. 209 

With respect to PDE3, there is also a highly specific distribution of this enzyme within the 

VSM. 209,223,224 It has been shown that PDE3 is in the VSM and intracellularly it is associated with 

the plasma membrane and SR. 209,223 The distribution and localization of PDE3 within the cell have 

been suggested by one review to be responsible pathology of diseases such as cardiomyopathy. 223 

Indeed when it comes to nicotine causing intracellular dysregulation in the VSM, there appears to 

be a wide variety of knowledge on the subject. 150 A study by Nogueira et al suggests that mice 

exposed to TS impair hindlimb muscle vascular structure, with one potential reason they 

documented as a large impairment in the SR Ca2+. 225 This alteration in SR function caused by 

nicotine could potentially be explained by the redistribution of PDE3 to the SR decreasing the 

effect of cAMP to cause less vasodilation. This would be further confirmed by the data achieved 

in Chapter 2 with the restoration of vasodilation function using PDE3 inhibitor, cilostamide (cilo). 
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3.2.4 Effects of nicotine on gender 

There is a wealth of evidence showing that nicotine has different effects on both males and 

females regarding sexual reproduction, neuroscience, and so on. 226,227  It should be established 

that these differences are independent of plasma nicotine/cotinine concentrations. A review by 

Benowitz et al explored the potential gender differences in nicotine pharmacology and discussed 

any differences in nicotine/cotinine found in some studies due to weight and differing renal 

clearances. 226 Where men weigh more than women, but women have lower clearance than men, 

implying that women have a decreased nicotine plasma concentration. 226 Another factor that was 

not accounted for but implicated in a study by Chen et al was height. 228 Where nicotine/cotinine 

levels were measured in daily smokers in Pennsylvania and found, in addition to weight, height 

was a major contributor to differing nicotine/cotinine levels between genders. 228 Evans et al 

investigated the dose effects of transdermal nicotine patches on male and female smokers and 

found that plasma nicotine levels over a 6-hour period did not differ from gender. 229 Essentially, 

it has been established that there are no differences in nicotine plasma concentration. 

Yet, with these similar nicotine plasma levels with regard to VSM, there is evidence to 

display that nicotine has differing VSM pathological effects on gender. 226 There are increasing 

studies revealing that nicotine consumption displays dimorphic gender effects within the same 

disease, such as atherosclerosis, appearing to affect females more. One such example is Centner 

et al, where male and female ApoE-/- mice were exposed to either cigarette smoke or drinking 

water containing nicotine for 4 months, nicotine levels being comparable to a moderate smoker 

(10-19 cigarettes per day). 230,231 Their findings suggested that males exposed to nicotine or smoke 

had more plaque in the aortic arc only, compared to females who had increased plaque in the arch 

and descending aorta. 231 Their findings suggested that females are at a higher risk of developing 



  61 

atherosclerosis compared to males. 231 Adding to this, it has been shown that even offspring of 

female mice exposed to nicotine mice have differences in the degree of cardiovascular responses 

depending on their gender. 232 Fox et al, had C57Bl/6J female mice drink a nicotine solution 2 

weeks before breeding until weaning. 232 They concluded female offspring exposed to nicotine had 

higher systolic, diastolic, and mean blood pressures at rest or during stress. 232 Whilst males had 

decreased heart rates and vascular responses to PE. 232 From the literature it appears that female 

nicotine users have a higher likelihood of getting cardiovascular diseases, meaning there is a sexual 

dimorphism of vascular disease in nicotine users.   

3.2.5 Alterations in cAMP and PDE activity, and their links to cardiovascular 

complications in nicotine users 

The larger implications of how nicotine usage can alter cAMP and PDE activity levels are 

of particular interest as they can increase cardiovascular complications.  Firstly, Chapter 2 revealed 

the results that nicotine-exposed mice have lower levels of cAMP, but this is framed in the context 

of how this can increase the risk of cardiovascular disease. Indeed, Chang et al showed that reduced 

−AR receptors and cAMP production induced hypertension in mice. 233 Albeit, this study 

explored the link between lead and cardiovascular disease however, their conclusions concerning 

cAMP production being linked to increased blood pressure are still valid for this work. 233 Rather 

fittingly, this displays the power cAMP dysregulation has on increasing cardiovascular disease 

outcomes. 

The second discovery from Chapter 2 revealed the result that cAMP levels can be rescued 

in nicotine-exposed mice by PDE inhibitors. There are reviews that discuss the importance of 

PDEs regarding how dysregulation can lead to cardiovascular diseases, but one item of note is how 

cardiovascular diseases increases with age. 126,234 Where Elvebak et al investigated PGI2-mediated 
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vasodilation and how PDE3 is affected by aging in VSM. 235 This study showed that PDE3 function 

is relatively preserved in healthy aging adults, with dysfunction of this leading to early aging and 

increasing the events of cardiovascular disease. When taken in context with the work presented in 

Chapter 2, there is a clear dysfunction in PDE regulation in nicotine-exposed mice. This links to 

increased aging and the incidence of cardiovascular disease, implying that users of nicotine are 

prone to increased aging, in addition to cardiovascular diseases. 

3.3 Limitations and future work 

Whilst our work shows that nicotine alters cAMP in arterial myocytes, there are some 

limitations present in this study, as there are with any. Yet, these new limitations should not be 

viewed as pitfalls but rather as future research areas to explore within the VSM and nicotine 

research. A few major areas need to be addressed within this dissertation. 

Firstly, it should be acknowledged that whilst most nicotine products are inhaled this study 

uses osmotic pumps to have nicotine directly into the bloodstream of the mouse. Studies using 

inhaled nicotine do have more relevance with tobacco smoke or vaping, two common ways to 

consume nicotine. However, with mice studies in particular, the mice will also ingest the nicotine 

by grooming themselves, as well as inhaling it. This double route of ingestion increases the dosage 

given to the mice. Osmotic pumps have the advantage of having a precisely controlled dose given 

directly to the mice subcutaneously. Nonetheless, it should be acknowledged that this is a 

translational limitation of this work. 

The work presented in Chapter 2 was conducted in male mice, and further studies need to be 

conducted into the effects of nicotine on female mice. Comparing sex differences across all 

research is often overlooked, but with recent movements in the scientific community, more 
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emphasis is being placed on having balanced studies with both male and female mice. 236,237 There 

are fundamental biological differences between males and females that need to be considered, such 

as females mensurating, being able to carry children, having higher fat mass lower, experiencing 

more strokes than men, and so on. 238,239 Due to these reasons and many more, it should be 

emphasized that males and females have some fundamental biological differences that will affect 

the outcomes of many experiments.  One such example of this that is relevant to this work is that 

females showed less sensitivity to nicotine administered subcutaneously. 240 Lefever et al. trained 

male and female mice to discriminate subcutaneous nicotine from saline but they also evaluated 

the effects of aerosolized tobacco products. 240 Finding that nicotine, subcutaneously, had distinct 

effects between sexes with females showing less sensitivity and greater variability to the drug. 240 

However, it is essential to acknowledge that there are fundamental differences between the sexes. 

Further research is needed to address these differences and decrease the potential discrepancies in 

the treatment of nicotine use between males and females.  

 The direct mechanism by which nicotine exposure alters receptor-mediated cAMP levels 

still must be established. Whilst we can hypothesize that increased catecholamine release results 

in an overstimulation of the VSMCs, causing a decrease in AC6, resulting in decreased cAMP 

levels, we need to test this hypothesis. The lack of knowledge in this area is partially due to the 

focus on research on the heart rather than the VSM. The work presented here is the beginning of 

this interesting connection and can be a pathway to understanding various nicotine induced VSM 

diseases such as hypertension. 

With the increased nicotine use through vaping, for example, it would be wise to explore if the 

effects seen with just nicotine are exacerbated with vaping devices. Some studies claim large 

variations in nicotine delivery from vaping devices and this highly impacts the effect of nicotine 
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from person to person. 241 Our study used 6mg/mL which is the lower concentration of nicotine 

self-dose through ENDS and considered the average dose by TC users. 242,243 Whilst there are more 

studies showing the effects that vaping has on endothelial cells within the vasculature there have 

been no studies on how this may impact cAMP through receptor-mediated vasodilation. 180,181 This 

would be a highly relevant and impactful future area of exploration. 

Despite the limitations, our study provides important novel information that highlights and 

informs future research directions. Firstly, the new discovery showing PDE3 inhibition by cilo, 

restores receptor-mediated vasodilation function in nicotine-exposed through increased cAMP 

levels back to sham levels. This provides one area of therapeutic potential in preventing and 

managing cardiovascular diseases such as hypertension and atherosclerosis. Although not explored 

in this dissertation, we show that another opportunity for research is through increasing cAMP 

production through ACs. Where it is shown that nicotine decreases protein expression levels of 

AC6 and drugs that target ACs may be another way to target increasing receptor-mediated 

vasodilation.  

3.4 Concluding Remarks 

Nicotine consumption has been present in human society for centuries, and its use, 

potency, and dosage have increased over time. From American Natives using tobacco leaves for 

ceremonies to the 1960s tobacco cigarette consumption and, more recently, to the use of ENDS, 

the prevalence of nicotine cannot be denied. Yet, this work tries to address a single component of 

this highly prominent drug within an extremely important system of the body, the vasculature. 

Chapter 1 provides an overview of VSM function and the complexity of its regulation by ion 

channels and intracellular signaling, emphasizing β-AR signaling which is the focus of this 
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dissertation. The relevance of cAMP is for on contractile function in the VSM was highlighted 

and the links between nicotine and the effect on the VSM were established to highlight the 

knowledge gap of how nicotine alters cAMP signaling in the vasculature.  

Through Chapter 2 it was shown that receptor-mediated cAMP levels are decreased in 

nicotine-exposed mice, and this is consistent with β-AR mediated vasodilation being impaired in 

nicotine-exposed mice. Mechanistically, it was shown that is due to two reasons, AC6 protein 

expression levels being decreased and PDE activity in nicotine-exposed mice being increased. 

Finally, it was shown that these responses can be recovered using cilo and roli that rescues 

cAMP responses in arteries from nicotine-exposed mice. The central finding of this dissertation 

underscores that nicotine exposure, coupled with alterations in cAMP signaling and vascular 

reactivity, may collectively contribute to the adverse cardiovascular effects associated with use 

of nicotine products. Whereby this work adds one more grain of knowledge to the many studies 

currently published and those that are yet to come, exploring not just the detrimental 

consequences and therapeutics of nicotine consumption to receptor-mediated vasculature 

excitability. 
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