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ABBREVIATED ABSTRACT
The cutaneous microvasculature is an accessible microvascular bed that has utility for
examining mechanisms of systemic microvascular dysfunction. Hypertension is a widespread
chronic disease associated with microvascular dysfunction and pathological vessel remodeling.
Therefore, comprehensive treatment of hypertension requires interventions that improve
microvascular function and structure. The purpose of this series of studies was to examine the
effects of different candidate therapeutic targets and treatments for hypertension in the cutaneous
microvasculature. In the first study, I found that menthol, a selective TRPM8 channel agonist,
induced cutaneous vasodilation through endothelium- and sensory-nerve dependent mechanisms.
Importantly, menthol-induced vasodilation was not attenuated in essential hypertensive men and
women, suggesting that the vasodilatory response to menthol is preserved. In the second study, I
found that acute inhibition of lysyl oxidase, an enzyme regulating collagen cross-linking and
vascular stiffness, augments smooth muscle-dependent vasodilation and vasoconstriction in
normotensive, but not hypertensive, men and women. In the final study, I examined endotheliumdependent vasodilation and maximal vasodilator capacity in normotensive, unmedicated
hypertensive, and medicated hypertensive subjects whose blood pressure was controlled through
antihypertensive pharmacotherapy. I found that endothelial function is attenuated in hypertensive
subjects, but is improved when blood pressure is normalized with pharmacotherapy. However,
maximal vasodilatory capacity was attenuated in unmedicated and medicated hypertensive
subjects, demonstrating that structural decrements persisted with pharmacotherapy. Together
these studies helped evaluate candidate therapies to improve microvascular structure and function
in men and women with essential hypertension.

iv

ABSTRACT
The cutaneous microvasculature is an accessible microvascular bed that has utility for
examining mechanisms of systemic microvascular dysfunction. Hypertension is a highly
prevalent chronic disease that increases risk for cardiovascular disease and stroke. Microvascular
dysfunction is a hallmark maladaptation associated with hypertension that occurs early in disease
progression, prior to dysfunction in conduit arteries. The cutaneous microvasculature is a
sensitive vascular bed for examining hypertension as microvascular dysfunction occurs in the
skin prior to other microvascular beds, such as those of the retina, heart, or kidney. Investigations
utilizing intradermal microdialysis paired and with physiological and/or pharmacological stimuli
determined endothelial function in the cutaneous microvasculature of hypertensive patients is
attenuated due to a loss of NO-dependent vasodilation. Multiple mechanisms converge to
attenuate NO-dependent vasodilation including: upregulation of arginase, decreased L-arginine
bioavailability, increased iNOS expression, increased oxidant stress, and upregulation of
RhoA/Rho kinase. Furthermore, structural alterations such as rarefaction and eutrophic inward
remodeling are apparent in the cutaneous microvasculature. Despite having an understanding of
the mechanisms that contribute to pathological changes in cutaneous microvascular structure and
function, evaluation of potential therapeutic targets has been limited and requires more thorough
investigation. The purpose of this series of studies was to investigate the efficacy of potential
therapeutic targets modulating cutaneous microvascular function and structure in men and women
with essential hypertension.

In the first study, I examined mechanisms that contribute to menthol-mediated cutaneous
vasodilation in essential hypertensive men and women. Menthol is a vasodilator that acts on
TRPM8 channels to induce vasodilation through NO, EDHF, and sensory nerve mechanisms in
young, healthy men and women. Systemic menthol supplementation can lower blood pressure in
pre-hypertensive men and women. However, hypertensive men and women exhibit attenuated
endothelial function, which may blunt menthol’s vasodilatory effects, while hypertensive animal
models exhibit attenuated TRPM8 expression. These finding make the therapeutic potential of
menthol as a vasodilator in essential hypertensive men and women unknown. I tested the
hypothesis that menthol-mediated vasodilation would be attenuated in hypertensive subjects
relative to normotensive subjects through a loss of NO-dependent vasodilation. Vasodilation was
induced by a menthol dose-response (0.1mM to 500mM menthol). Four intradermal microdialysis
fibers were placed in the skin of 8 hypertensive (SBP 145 ± 2 mmHg) and 7 age-matched
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normotensive (SBP 117 ± 3 mmHg) men and women. Sites served as control (lactated Ringer’s),
NOS inhibited (L-NAME), EDHF inhibited (TEA), and sensory nerve inhibited (LMX4). At the
control site, menthol induced significant vasodilation at all doses ≥100mM in both the
normotensive and essential hypertensive groups (all p<0.05). When NOS was inhibited, menthol
induced significant vasodilation at all menthol doses ≥100mM in the normotensive group (all
p<0.05), however menthol did not induce vasodilation in the essential hypertensive group at any
dose (all p>0.05). With NOS inhibition, 100mM (p=0.04) and 500mM (p=0.02) menthol induced
significantly greater vasodilation in the normotensive group, relative to the hypertensive group.
Inhibition of EDHFs attenuated menthol-induced cutaneous vasodilation at all menthol doses in
both the normotensive and essential hypertensive groups (all p>0.05). With sensory nerve
inhibition, 250mM menthol induced vasodilation in the normotensive group (p=0.01), but did not
induced vasodilation at any dose in the essential hypertensive group. Together, these data suggest
that (1) menthol-mediated vasodilation is not attenuated in essential hypertensive subjects, but (2)
but hypertensive men and women have an attenuation of redundant vasodilator pathways.

In the second study, I examined the effects of acute lysyl oxidase inhibition on cutaneous
microvascular smooth muscle function. Lysyl oxidase and the lysyl oxidase-like (LOXL) 1-4
enzymes regulate vascular structure by mediating collagen and elastin cross-linking. The lysyl
oxidase family of enzymes is upregulated in men and women with hypertension, but systemic
inhibition of lysyl oxidase is not possible in humans due to increased risk of aortic aneurysm.
Local inhibition of lysyl oxidase and LOXL 1-4 via intradermal microdialysis is a safe avenue to
examine acute lysyl oxidase inhibition in humans. I tested the hypotheses that lysyl oxidase and
LOXL 2 expression would be upregulated with hypertension and that acute lysyl oxidase
inhibition would augment microvascular smooth muscle reactivity in hypertensive subjects, but
not normotensive subject groups. Four microdialysis fibers were placed in the skin of 10 young
(SBP 117 ± 3 mmHg), 10 middle-aged normotensive (SBP 110 ± 2 mmHg), and 10 hypertensive
(SBP 147 ± 2 mmHg) men and women. Smooth muscle-dependent vasoconstriction was assessed
in two fibers during NE dose-response (10-12-10-2 M) while smooth muscle-dependent
vasodilation was assessed in two fibers during SNP dose-response (10-8-10-1.3 M). One NE and
one SNP treated microdialysis fiber received a 2-hour pretreatment with a non-specific lysyl
oxidase inhibitor (BAPN). Data were modeled as four parameter logistic regressions and the
LogEC50 analyzed to assess changes in vasodilator/constrictor sensitivity. Lysyl oxidase and
LOXL2 expression was quantified in skin tissue samples of normotensive and hypertensive
subjects. Matrix-bound LOXL2 expression was higher in hypertensive subjects relative to
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normotensive controls (normotensive: 100 ± 21, hypertensive: 644 ± 106; p=0.001), while soluble
LOXL2 expression was lower in hypertensive subjects relative to normotensive subjects
(normotensive: 0.85 ± 0.25, hypertensive: 0.20 ± 0.04 LOXL2/GAPDH; p=0.04) There was no
difference in matrix-bound lysyl oxidase (normotensive: 100 ± 8, hypertensive: 196 ± 53; p=0.11)
or soluble lysyl oxidase (normotensive: 1.36 ± 0.25, hypertensive: 0.75 ± 0.21 LOX/GAPDH;
p=0.11) expression between normotensive and hypertensive groups. Vasodilator sensitivity was
not altered with lysyl oxidase inhibition in the young (SNP: -4.68, SNP+BAPN: -3.71 LogEC50;
p=0.11), normotensive (SNP: -3.21, SNP+BAPN: 03.58; p=0.78) or hypertensive (SNP: -2.12,
SNP+BAPN: -1.95 LogEC50; p=0.99) groups; but there was a main effect of increased
vasodilation in the lysyl oxidase inhibited site in the middle-aged normotensive group (p=0.004).
Vasoconstrictor sensitivity was augmented in young (NE: -6.01, NE+BAPN: -7.1 LogEC50;
p=0.03) and normotensive (NE: -4.85, NE+BAPN: -7.03 LogEC50; p=0.01) groups, but not in
the hypertensive (NE: -5.98, NE+BAPN: -6.13 LogEC50; p=0.79) group. These data suggest that
(1) matrix-bound LOXL2 expression is elevated with hypertension, potentially leading to
increased collagen cross-linking, (2) smooth muscle-dependent vasodilator magnitude is
augmented in middle-aged normotensive subjects, but vasodilator sensitivity is not altered in any
group with acute lysyl oxidase inhibition, and (3) smooth muscle-dependent vasoconstrictor
sensitivity is augmented in young and normotensive, but not hypertensive, men and women.

Numerous antihypertensive pharmacotherapies are available for the treatment of
hypertension. Of these, ACE inhibitors and ARBs are considered first line pharmacotherapies and
exhibit pleiotropic effects independent of blood pressure reduction, likely due to disruption of the
renin-angiotensin system and reduced AT1 receptor activation. In the third study, I tested the
hypothesis that long-term blood pressure control with pharmacotherapy that included either an
ACE inhibitor or an ARB would restore endothelial function, but not maximum vasodilator
capacity, in medicated hypertensive subjects. Endothelial function was assessed by local heating
(42⁰C) and acetylcholine dose-response (ACh: 0.01, 0.1, 1, 5, 10, 50, 100mM) protocols. Groups
consisted of 15 normotensive (SBP 111 ± 2 mmHg), 12 unmedicated essential hypertensive (SBP
142 ± 2 mmHg), and 12 medicated hypertensive (SBP 120 ± 2 mmHg) men and women. Two
microdialysis fibers were placed for local heating: control, iNOS inhibited (1400w). Three
microdialysis fibers were placed for the acetylcholine dose-response: control, iNOS inhibited,
non-specific NOS inhibited (L-NAME). Compared to normotensive subjects, ACh-mediated
vasodilation was attenuated in hypertensive subjects (p<0.001), but not in medicated subjects
(p=0.83). With NOS inhibited, ACh-mediated vasodilation was lower in normotensive subjects
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compared to both hypertensive (p<0.001) and medicated (p<0.001) subjects, suggesting
attenuated NO-dependent vasodilation in the hypertensive and medicated groups. Inhibition of
iNOS augmented the skin blood flow response to ACh in hypertensive subjects so that it was no
different from control or medicated subjects. Skin blood flow during local heating was attenuated
in the hypertensive group (p<0.001), but not the medicated group (p=0.06), when compared to
normotensive subjects. Inhibition of iNOS abolished the difference in the local heating plateau
between the normotensive and hypertensive subjects (p=0.31). Compared to normotensive
subjects, maximum CVC, an index of microvessel structure, was reduced in both hypertensive
(hypertensive: 1.52 ± 0.06, normotensive: 1.76 ± 0.06; p=0.014) and medicated subjects (1.48 ±
0.06, p=0.004). These data suggest that in the cutaneous microvascular bed, blood pressure
control with ACE inhibitor/ARB antihypertensive pharmacotherapy improves endothelial
function through NO-dependent and NO-independent mechanisms, but does not affect maximal
vasodilator capacity.

Collectively, the studies comprising this dissertation demonstrate that cutaneous
microvascular structure and function exhibit pathological alterations in men and women with
essential hypertension, reinforcing the need to target the microvasculature to comprehensively
treat hypertension. Furthermore, these data shown that candidate therapeutic targets can alter the
function of the cutaneous microvasculature and provide support for continued research on these
candidate therapeutic targets.
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Chapter 1
INTRODUCTION

Background and Significance

Hypertension is a highly prevalent chronic disease affecting one third of adult Americans
(Nwankwo, 2013) and is a risk factor for the development of cardiovascular disease, the number
one cause of death among Americans (Mozaffarian et al., 2016). Pathological vascular alterations,
including endothelial dysfunction, decreased lumen diameter, and increased vascular stiffness, are
hallmark mal-adaptations of hypertension. Within the vascular system, the microvasculature
consists of small blood vessels (<150 μm diameter) that exhibit myogenic autoregulation (Feihl et
al., 2006; Levy et al., 2001a), enabling the microvasculature to regulate organ and tissue
perfusion via vasodilation and vasoconstriction. Attenuated endothelium-dependent vasodilation
in the microvasculature, due to reactive oxygen species (ROS)-mediated attenuation of nitric
oxide (NO) bioavailability, is thought to be an early sign of vascular dysfunction in hypertension
(Dinh et al., 2014; Yannoutsos et al., 2014). With prolonged persistent hypertension, endothelial
dysfunction in the microvasculature ultimately progresses to conduit artery dysfunction and
remodeling, and finally target organ damage (Yannoutsos et al., 2014). Microvascular
dysfunction is apparent prior to any observable dysfunction in the conduit arteries (Giannattasio
et al., 1995; Takeshita et al., 1982), making the microvasculature a candidate for early diagnosis
of vascular dysfunction in hypertension and an important therapeutic target for comprehensive
treatment of hypertension.

The cutaneous microvasculature is an accessible microvascular bed that mirrors
pathological changes in the microvasculature of other organs and tissues (Holowatz et al., 2008).
Cutaneous microvascular function is correlated with renal (Coulon et al., 2012), retinal (Jung et
al., 2013), and coronary microvascular function (Khan et al., 2008). Cutaneous microvascular
function has also been correlated with arterial blood flow measured through brachial artery flow
mediated dilation (Debbabi et al., 2010). The cutaneous microvasculature can be used to assess
microvascular health in hypertension, as men and women with hypertension exhibit both
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endothelial dysfunction and attenuated maximal vasodilator capacity (Holowatz and Kenney,
2007a; Holowatz and Kenney, 2007b; Smith et al., 2011).

State-of-the-art tools are available to assess mechanisms underlying cutaneous
microvascular dysfunction. Control of the cutaneous microvasculature can be pharmacodissected
by micro-perfusing different agonists, antagonists, and substrates into localized areas of skin
using the minimally-invasive technique intradermal microdialysis. Accompanying changes in red
cell flux can be measured in real time with laser Doppler flowmetry. Along with in vivo measures
of vessel function, ex vivo measurements of enzymatic expression can be quantified in skin tissue
samples. The combination of hypertension-associated dysfunction and available analytical
techniques have led to the development of and in vivo bioassay to assess of candidate therapeutic
targets that have the potential to modulate microvascular function in men and women with
essential hypertension.

Menthol

Menthol is a common ingredient in topical analgesics. According to gate control theory,
menthol activates transient receptor potential melastatin 8 (TRPM8) channels on Aδ sensory
nerves to inhibit pain (Melzack, 1996). TRMP8 channels are non-selective cation channels that
initiate several cellular functions by allowing cation entry into cells (McKemy et al., 2002).
TRPM8 channels are not uniquely located on sensory nerves but are expressed in numerous other
tissues, including vascular smooth muscle and endothelium (Jardin et al., 2013; Johnson et al.,
2009; Yang et al., 2006). Activation of vascular TRPM8 channels induces vasodilation, mediated
by the convergence of multiple candidate mechanisms including: NO (Johnson et al., 2009),
endothelium dependent hyperpolarizing factors (EDHFs), sensory nerves (Craighead and
Alexander, 2016; Craighead et al., 2016), attenuated RhoA/Rho kinase (Sun et al., 2014b), and
altered calcium channel activation (Cheang et al., 2013; Ito et al., 2008). All of these mechanisms
are likely linked to calcium entering the endothelium or smooth muscle via open TRPM8
channels (Zholos et al., 2011).

In pre-hypertensive men and women, systemic menthol supplementation lowers blood
pressure (Sun et al., 2014b), likely by inducing systemic vasodilation and subsequently
decreasing vascular resistance. Because menthol exhibits potential antihypertensive properties in
pre-hypertensive subjects, menthol may be a potential adjunct therapy to conventional
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antihypertensive pharmacotherapy. However, mutations in the TRPM8 gene and alterations in
TRPM8 expression are associated with hypertension (He et al., 2013; Liu et al., 2013b; Tabur et
al., 2015). Additionally, downstream mechanisms of TRPM8-mediated vasodilation are
attenuated in hypertension, including impaired NO- and EDHF-mediated vasodilation (Holowatz
and Kenney, 2007a; Holowatz and Kenney, 2007b; Li et al., 2007; Mori et al., 2006). Together
these hypertension-associated impairments of TRPM8 expression and downstream vasodilatory
mechanisms make the therapeutic potential of menthol as an antihypertensive agent uncertain.
The skin has been used to verify menthol’s vasodilatory efficacy and to elucidate mentholmediated mechanisms of vasodilation through skin-specific physiological stimuli (Craighead and
Alexander, 2016) and pharmacological manipulation (Craighead et al., 2016; Johnson et al.,
2009) in young, healthy subjects. Continued research in the cutaneous microvasculature is
appropriate to determine the vasoactive potential of menthol in an essential hypertensive
population because the pattern of menthol-mediated cutaneous vasodilation is well characterized
and specific pharmacological inhibitors to examine metabolic pathways of vasodilation are
available.

Lysyl oxidase

Lysyl oxidase and the lysyl oxidase like (LOXL) 1-4 proteins are a family of enzymes
that regulate vascular structure by controlling the rate of collagen and elastin cross-linking in the
extracellular matrix (Rodriguez et al., 2008). Lysyl oxidase acts on lysine residues of collagen
and elastin fibers, converting these residues to reactive semialdehydes which spontaneously
condense to form cross-linked fibers (Orriols et al., 2014; Rodriguez et al., 2008). Cross-linked
collagen fibers exhibit greater stiffness than non-cross-linked fibers and are relatively insoluble to
enzymatic degradation. The degree of collagen cross-linking in part determines vascular stiffness.
Some lysyl oxidase expression is requisite for proper development of the cardiovascular system,
as deleterious effects of lysyl oxidase inhibition and knockout have been observed. Lysyl oxidase
knockout mice exhibit poorly developed cardiovascular systems and die shortly after birth
(Hornstra et al., 2003; Maki et al., 2002), while prolonged systemic inhibition of lysyl oxidase in
animal models leads to the development of aortic aneurysms (Li et al., 2013; Nakashima and
Sueishi, 1992). Furthermore, men and women with genetic mutations in the lysyl oxidase gene
are at an increased risk of aortic dissection (Sibon et al., 2005). Therefore, the lysyl oxidase
family of enzymes is critical for maintenance of vascular integrity.

4
Despite the essential role of lysyl oxidase in the development and maintenance of vessel
structure, overexpression of lysyl oxidase has deleterious effects on the vasculature. Lysyl
oxidase is upregulated in hypertensive humans and in mouse models of hypertension (Arribas et
al., 2008; Eberson et al., 2015; Gonzalez et al., 2014; Lopez et al., 2009). Upregulated extra
cellular matrix-bound lysyl oxidase leads to greater collagen cross-linking and increased vessel
stiffness, a classic maladaptation to hypertension. This makes lysyl oxidase a potential therapeutic
target to modulate vascular structure in hypertension.

When located in the cytosol or nucleus, lysyl oxidase and the LOXL 1-4 enzymes possess
many recently elucidated non-cross-linking effects including chemotactic, angiogenic, oncogenic,
and anti-oncogenic properties (Baker et al., 2013; Erler and Giaccia, 2006; Kagan and Li, 2003;
Kaneda et al., 2004). Due to relative lack of knowledge about the non-cross-linking effects of the
lysyl oxidase family of enzymes and the potential for systemic lysyl oxidase inhibition to result in
aneurysm development, translation of lysyl oxidase research into men and women with
hypertension has been limited.

Antihypertensive pharmacotherapy

Many different classes of antihypertensive medications are available for the treatment of
high blood pressure. Of the commonly prescribed medications, diuretics and beta-blockers have
primary mechanisms of action that are independent of the vasculature. However, diuretics and
beta-blockers both have potential secondary mechanisms that could influence vascular function
and structure. Beta-blockers may inhibit β1 receptors in the adrenal medulla, which could
subsequently decrease circulating catecholamine concentrations and attenuate vasoconstriction
(Gorre and Vandekerckhove, 2010). The long-term mechanism for blood pressure reduction
mediated by diuretics is postulated to be endothelium-dependent (Duarte and Cooper-DeHoff,
2010). Infusion of hydrochlorothiazide (HCTZ) has been shown to induce EDHF-dependent
vasodilation of the brachial artery (Pickkers et al., 1998); however this only occurred with HCTZ
concentrations 10-20 times greater than what is apparent in HCTZ treated patients (Niemeyer et
al., 1983). Despite these potential interactions with the vasculature, the use of beta-blocker and
diuretic pharmacotherapies has not been associated with alterations in endothelial function or
vascular structure (Levy et al., 2001b). Other classes of antihypertensive medications, such as
calcium channel blockers, angiotensin converting enzyme (ACE) inhibitors, and angiotensin
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receptor blockers (ARBs) that have direct mechanisms of action that decrease vascular resistance,
are associated with marked vascular benefits (Levy et al., 2001a; Mancini et al., 2016).

Hypertensive men and women exhibit elevated circulating angiotensin II (Ang II)
concentrations. Elevated Ang II concentrations lead to increased angiotensin 1 (AT1) receptor
activation (Young and Davisson, 2015), which subsequently leads to a host of physiological
processes that contribute to vascular dysfunction, including: vasoconstriction, elevated
sympathetic nervous system activity, endothelial dysfunction, vascular smooth muscle cell
proliferation, and vascular stiffening (Benigni et al., 2010). ACE inhibitors and ARBs exert
pleiotropic effects outside of blood pressure normalization due to their ability to inhibit AT1
receptor activation, either through direct antagonization (ARBs) or by attenuating Ang II
production (ACE inhibitors). In the microvasculature, these medications have been shown to
improve endothelial function (Butler et al., 2001; Cheetham et al., 2000) and reverse structural
and functional rarefaction (Feihl et al., 2008; Levy et al., 2001a).

The pathways contributing to endothelial dysfunction in hypertension are multifactorial.
Upregulation of inducible NO synthase (iNOS) is one pathway through which microvascular
endothelial function is attenuated in hypertension (Hong et al., 2000; Kumar et al., 2005).
Aberrant NO produced via iNOS is converted to peroxynitrite by ROS, which are highly
prevalent in the internal environment of hypertensive humans. Peroxynitrite uncouples
endothelial NOS (eNOS), attenuating NO-dependent vasodilation (Forstermann and Li, 2011).
Direct inhibition of iNOS can improve endothelial function in hypertensive subjects, likely by
augmenting eNOS-mediated NO production (Smith et al., 2011). In hypertension, upregulation of
iNOS can occur with increased AT1 receptor activation (Matsui et al., 2004). Therefore,
pharmacotherapy which reduces AT1 receptor activation (i.e. ACE inhibitors and ARBs) may
improve endothelial function in hypertensive patients via downregulation of iNOS, leading to
increased NO bioavailability.

Summary

The three studies that comprise this dissertation utilize the cutaneous microvasculature to
elucidate potential therapeutic targets to modulate microvascular structure and function in men
and women with essential hypertension. While numerous mechanisms contributing to
microvascular dysfunction have previously been elucidated, potential therapeutic targets and
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interventions based on those mechanisms require further examination. The first study sought to
determine the magnitude of menthol-induced cutaneous vasodilation in hypertensive men and
women who may have disease-related alterations in TRPM8 channel expression and attenuation
of downstream vasodilator mechanisms. The second study examined how expression of the lysyl
oxidase family of enzymes differs in cutaneous tissue of normotensive and hypertensive subjects.
Additionally, the second study examined how acute inhibition of the lysyl oxidase family of
enzymes alters microvascular smooth muscle reactivity to an exogenous vasodilator (SNP) and
vasoconstrictor (NE) in young, middle-aged normotensive, and essential hypertensive subjects.
The third study used a cross-sectional approach to examine how controlling blood pressure with
antihypertensive pharmacotherapy that included either an ACE inhibitor or an ARB altered
cutaneous microvascular structure and function.

Specific Aims and Hypotheses

Specific Aim 1: The purpose of the study, “Menthol-Induced Cutaneous Vasodilation is
Preserved in Essential Hypertensive Men and Women,” was to (1) determine the magnitude of
menthol-induced cutaneous vasodilation in hypertensive subjects, and (2) uncover the
vasodilatory pathway(s) through which menthol induces cutaneous vasodilation in hypertensive
and age-matched normotensive men and women. Menthol acts through several pathways (NO,
EDHF, sensory nerves) in young healthy subjects (Craighead and Alexander, 2016; Craighead et
al., 2016). However, many of these pathways are endothelium-dependent and may be
compromised with hypertension-associated endothelial dysfunction, equivocating menthol’s
therapeutic potential. The cutaneous microvasculature was exposed to increasing concentrations
of menthol using intradermal microdialysis. Menthol was co-perfused with a non-specific NOS
antagonist (L-NAME), a non-specific EDHF antagonist (TEA), or a topically applied sensory
nerve inhibitor (4% lidocaine: LMX4), to pharmacodissect the mechanism(s) through which
menthol induces cutaneous vasodilation in hypertensive men and women.
Hypothesis 1a: In middle-aged, normotensive men and women, menthol would elicit
cutaneous vasodilation though a combination of NO-, EDHF-, and sensory nervedependent mechanisms.
Hypothesis 1b: Relative to normotensive subjects, menthol-induced vasodilation would
be attenuated in hypertensive men and women through decreased NO- and EDHFdependent vasodilation.
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Specific Aim 2: The purpose of the study, “The Role of Lysyl Oxidase in Cutaneous
Microvascular Function in Humans,” was to evaluate the effect of acute lysyl oxidase/LOXL 1-4
inhibition on cutaneous microvascular smooth muscle function in essential hypertensive, agematched normotensive, and young normotensive men and women. Lysyl oxidase regulates
collagen and elastin cross-linking to control vascular stiffness. Vascular stiffness increases with
age and hypertension. Therefore, this study sought to evaluate whether non-specific
pharmacological inhibition of the lysyl oxidase family of enzymes altered smooth muscle
microvascular reactivity. The in vivo analysis of microvascular function was complimented with
in vitro analysis of lysyl oxidase and LOXL2 expression from skin tissue samples.
Hypothesis 2a: Expression of extra cellular matrix-bound lysyl oxidase and LOXL2
would be augmented in hypertensive subjects relative to normotensive subject groups.
Hypothesis 2b: Inhibition of the lysyl oxidase family of enzymes would augment smooth
muscle-dependent vasodilation in hypertensive, but not normotensive, men and women.
Hypothesis 2c: Inhibition of the lysyl oxidase family of enzymes would augment smooth
muscle-dependent vasoconstriction in hypertensive, but not normotensive, men and
women.

Specific Aim 3: The purpose of the study, “Blood Pressure Normalization via RAS-Inhibiting
Pharmacotherapy Improves Endothelial Function through NO-Dependent and –Independent
Mechanisms,” was to determine the effect of blood pressure normalization with pharmacotherapy
that included prescription of either an ACE inhibitor or ARB on cutaneous microvascular
function utilizing a cross-sectional study design (unmedicated essential hypertensive subjects,
medicated hypertensive subjects on pharmacotherapy including an ACE inhibitor or ARB, and
age-matched normotensive subjects). The NOS isoform iNOS was inhibited to determine if
reductions in iNOS contributed to the pleiotropic effects of antihypertensive medication.
Maximum smooth muscle vasodilator capacity is response to the exogenous NO donor sodium
nitro prusside (SNP) and local heating (43⁰C) was measured to determine maximal cutaneous
vascular conductance, an index of vessel structure.
Hypothesis 3a: Unmedicated essential hypertensive subjects would exhibit attenuation of
both endothelial function and maximal smooth muscle vasodilator capacity compared to
age-matched normotensive subjects.
Hypothesis 3b: Medicated hypertensive subjects would exhibit augmented endothelial
function relative to unmedicated hypertensive subjects.
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Hypothesis 3c: Medicated hypertensive subjects would exhibit attenuated maximal
smooth muscle vasodilator capacity relative to age-matched normotensive subjects.
Hypothesis 3d: Local inhibition of iNOS would improve microvascular function in
unmedicated, but not medicated hypertensive subjects. This would suggest that iNOS
contributes to endothelial dysfunction in those with uncontrolled blood pressure but not
in those with blood pressure controlled via ACE inhibitor or ARB antihypertensive
pharmacotherapy.
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Chapter 2
REVIEW OF THE LITERATURE
Hypertension is a highly prevalent chronic disease that affects approximately 30% of
adults in The United States (Nwankwo, 2013). Hypertension, defined as SBP ≥ 140 mmHg or
DBP ≥ 90 mmHg, increases the risk of developing coronary heart disease (Stamler et al., 1993),
stroke (Dubow and Fink, 2011), and renal failure (Townsend and Cirigliano, 1998). Despite the
high incidence, the etiology of hypertension remains incompletely understood. A majority of
hypertensive patients (up to 95%) exhibit idiopathic hypertension, meaning that the root cause of
their hypertension is unknown (Carretero and Oparil, 2000). Many different categories of
antihypertensive medications, with differing mechanisms of action, are available, giving
physicians multiple tools to treat hypertension. Despite the availability of numerous
pharmacotherapies with differing targets, only slightly over 50% of hypertensive men and women
have control of their blood pressure (i.e. <140/90 mmHg) (Nwankwo, 2013). Often times,
multiple classes of antihypertensive medications must be used in conjunction to control blood
pressure (Cushman et al., 2002; Dahlof et al., 2002; Hansson et al., 1998). However, even polytherapy is not always effective; 20% to 30% of hypertensive patients exhibit resistant
hypertension, defined as high blood pressure that cannot be controlled through the combined use
of three different classes of antihypertensive medications (Acelajado and Calhoun, 2010).
Therefore, research aimed at understanding the root causes of hypertension, and evaluation of
novel therapies, is warranted to better understand the pathophysiology and improve treatment of
essential hypertension.

Hypertension is associated with arterial endothelial dysfunction that occurs through
multiple mechanisms, but likely culminates in elevated reactive oxygen species (ROS), which
subsequently reduce nitric oxide (NO) bioavailability (Schulz et al., 2011). Attenuated endothelial
function elicits a persistent constrictor state, which ultimately progresses to hypertension-induced
pathological remodeling of the large elastic arteries in long-standing hypertension. Remodeling
occurs via increased collagen content and smooth muscle hypertrophy, which increases vessel
stiffness and decreases lumen diameter (Yannoutsos et al., 2014). The structural and functional
pathological changes in the conduit arteries of hypertensive men and women are mirrored and
preceded by pathological alterations in the microvasculature (Deanfield et al., 2007; Ross, 1993),
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reflecting hypertension’s manifestation along the entire vascular network. Endothelial
dysfunction in the microvasculature, mediated by a loss of NO-dependent vasodilation, is the first
sign of vessel damage with hypertension (Yannoutsos et al., 2014). Endothelial dysfunction can
even be observed in the microvasculature of normotensive men and women with a genetic
predisposition for hypertension (Giannattasio et al., 1995; Takeshita et al., 1982). With prolonged
hypertension, endothelial dysfunction worsens and microvascular remodeling occurs in the form
of rarefaction and eutrophic inward remodeling (Feihl et al., 2006). Vascular resistance is
inversely proportional to vessel radius to the 4th power. This means that even small reductions in
lumen diameter incurred from vascular remodeling lead to a large increase in total peripheral
resistance, which potentiates hypertension. These pathological changes in the microvascular
network contribute to elevations in blood pressure and lead to target organ damage (Feihl et al.,
2008). The apparent contribution of microvasculature dysfunction to the development and
progression of hypertension makes the microvasculature an essential therapeutic target that must
be repaired for comprehensive treatment of hypertension.

The cutaneous microvasculature represents an accessible microvascular bed that exhibits
pathological changes associated with hypertension (Carberry et al., 1992; Rizzoni et al., 2003a).
These pathological changes in the skin correlate with dysfunction in other clinically relevant
vascular beds, making the skin a minimally-invasive model to serve as a bioassay for examining
generalized microvascular dysfunction (Holowatz et al., 2008). In support of the skin as a model
circulation, Coulon et al. found a relation between skin post-occlusive reactive hyperemia and
renal resistive index (Coulon et al., 2012), Khan et al. observed a relation between SNP and AChmediated cutaneous vasodilation and coronary flow reserve (Khan et al., 2008), while Jung et al.
observed simultaneous dysfunction in retinal and cutaneous microvascular beds (Jung et al.,
2013). These results support the use of the skin as a model circulation to examine microvascular
dysfunction associated with hypertension. From a clinically validated prognostic standpoint,
Debbabi et al. observed a strong relation between ACh-mediated skin blood flow and brachial
artery flow mediated dilation in a group of patients (Debbabi et al., 2010), demonstrating that
cutaneous microvascular function correlated with arterial function as well.

Numerous skin-specific stimuli are available to examine mechanisms of cutaneous
vasodilation and vasoconstriction. Local heating induces vasodilation that is predominantly
dependent on endothelial NO synthase (eNOS)-derived NO (Bruning et al., 2012; Minson et al.,
2001), while post-occlusive reactive hyperemia is endothelium-dependent hyperpolarizing factor
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(EDHF)-mediated (Lorenzo and Minson, 2007). Local cooling of the skin causes constriction that
is in part mediated by RhoA/Rho kinase (ROCK) (Smith et al., 2013; Thompson-Torgerson et al.,
2007). These physiological stimuli can be paired with pharmacological manipulations (agonists,
antagonists, substrates) delivered to the cutaneous microvasculature via intradermal
microdialysis. Microdialysis allows for the bidirectional exchange of molecules within the
cutaneous tissue and can be used to pharmacodissect pathways of microvascular
function/dysfunction, or to collect dialysate to measure the presence of vasoactive compounds
within the skin. These reproducible techniques, coupled with the capability of the skin to
represent other vascular beds, makes the cutaneous microvasculature an appropriate vascular bed
in which to assess microvascular function in health and diseased states.

Change in skin blood flow with essential hypertension

The cutaneous microvasculature has been employed as a model to examine microvascular
dysfunction in hypertension. Alterations in cutaneous microvascular function have been observed
in men and women with essential hypertension. Reflex cutaneous vasodilation is attenuated in
men and women with essential hypertension through a loss of NO-dependent vasodilation
(Holowatz and Kenney, 2007a; Holowatz and Kenney, 2007b). Common to generalized
microvascular function, this attenuation is in part due to increased ROS and superoxide, which
contributes to the production of peroxynitrite and uncouples eNOS (Bleakley et al., 2015;
Gongora et al., 2006). Delivery of the antioxidant ascorbate via intradermal microdialysis
augments reflex cutaneous vasodilation in essential hypertensive subjects (Holowatz and Kenney,
2007a), demonstrating that elevated ROS contribute to endothelial dysfunction in essential
hypertension.

Microvascular endothelial dysfunction is a multifocal phenomenon that is not solely
mediated by increased oxidant stress. Another pathway for attenuated vasodilation in
hypertension is reduced bioavailability of L-arginine, the substrate for NO produced from eNOS.
The reduction in bioavailable L-arginine is in part due to attenuated L-arginine transport into the
endothelium via reduced cationic amino acid transporter-1 expression, which occurs with
cardiovascular diseases (Chin-Dusting et al., 2007). Increased arginase expression/activity with
essential hypertension also plays a role in limiting L-arginine bioavailability. Arginase, which
preferentially competes with eNOS for L-arginine, produces urea and L-ornithine in the final step
of the urea cycle (Wu and Morris, 1998). In hypertensive subjects, local inhibition of arginase
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coupled with L-arginine supplementation augmented reflex vasodilation (Holowatz and Kenney,
2007b), demonstrating that a loss of bioavailable L-arginine contributes to cutaneous
microvascular dysfunction in hypertension. A second factor to consider with upregulated arginase
is the role it plays in vascular remodeling. L-ornithine is a precursor for polyamines and proline,
which stimulate smooth muscle hypertrophy and collagen synthesis, factors which contribute to
pathological vessel remodeling (Durante et al., 2001). These findings suggest that upregulated
arginase plays a role in both functional and structural mal-adaptations related to hypertension.

Vasodilation in response to local heating is attenuated in hypertensive men and women
through a decrease in NO-mediated vasodilation (Smith et al., 2011), mirroring the loss of NO
observed in other vascular beds and models of hypertension (Brunner et al., 2005; Luscher and
Vanhoutte, 1986; Panza et al., 1990). Part of the loss of NO-dependent vasodilation is due to
upregulation of inducible NOS (iNOS), which produces NO at a rate 1000-fold greater than
eNOS (Yoshida et al., 1998). The high volume of NO produced from iNOS is readily converted
to peroxynitrite and superoxide in the high ROS environment of hypertension, further increasing
oxidant stress (Chou et al., 1998; Kumar et al., 2005). iNOS also upregulates arginase, which
contributes to the reductions of L-arginine bioavailability and NO production, as described above
(Santhanam et al., 2007b). Localized inhibition of iNOS augments vasodilation is response to
local heat through increased NO-dependent vasodilation (Smith et al., 2011). In this same study
by Smith et al., endothelium-dependent vasodilation was also assessed via an ACh dose-response
protocol. ACh elicits endothelium-dependent vasodilation that relies on multiple vasodilator
pathways including NO (Fujii et al., 2013; Holowatz et al., 2005), cyclooxygenase (Durand et al.,
2004; Fujii et al., 2013; Holowatz et al., 2005), and EDHFs (Brunt et al., 2015). Results from the
ACh dose-response matched those from the local heating arm of the study, with ACh-mediated
vasodilation attenuated in hypertensive subjects through reduced NO-dependent vasodilation and
iNOS inhibition augmenting the vasodilatory response to ACh in hypertensive men and women
(Smith et al., 2011).

The cutaneous microvasculature is not only used to evaluate vasodilator function, but can
also be used to elucidate mechanisms behind the pro-constrictor state that is apparent in
hypertension. Abnormal ROCK signaling contributes to endothelial dysfunction and altered
constriction pathways with hypertension. ROCK attenuates endothelial NO production by
decreasing eNOS expression and facilitating eNOS uncoupling (Ming et al., 2002; Takemoto et
al., 2002). ROCK also causes vascular smooth muscle contraction and can induce pathological
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vessel remodeling (Cai et al., 2016). The skin can be used to assess ROCK-mediated
vasoconstriction as local cooling of the skin to 24⁰C induces vasoconstriction that is partially
ROCK-mediated (Thompson-Torgerson et al., 2007). ROCK activity is upregulated in skin tissue
samples from hypertensive men and women (Smith et al., 2013). In a population of pre to stage I
hypertensive men and women, the magnitude of cutaneous vasoconstriction to local cooling was
unaltered relative to normotensive subjects, but vasoconstriction became more ROCK-dependent
(Smith et al., 2013). The increased ROCK activity and dependence on ROCK to mediate
vasoconstriction suggests that ROCK contributes to microvascular dysfunction in hypertension.

Examination of vascular remodeling in the cutaneous microvascular is very difficult as
direct measurements of cutaneous microvessels from the ventral forearm (same location as blood
flow measurements) cannot be performed. The closest available proxies are subcutaneous fat
biopsies to examine microvascular structure and nail-fold capillaroscopy to examine structural
and functional rarefaction. Both of these measures indicated that pathological remodeling of the
microvasculature occurs with hypertension (Aalkjaer et al., 1987; Serne et al., 2001). In the
cutaneous vascular bed, maximum cutaneous vasodilation obtained with local heating (43⁰C) and
SNP perfusion can be used to assess maximum vasodilator capacity (Johnson et al., 1986), which
may serve as an index of structure. Maximum vascular conductance has repeatedly been
demonstrated to be attenuated in hypertension (Carberry et al., 1992; Holowatz and Kenney,
2007a; Holowatz and Kenney, 2007b), suggesting that the pathological remodeling that occurs in
conduit vessels is mirrored in the skin. There are many potential pathways that contribute to
vascular remodeling. Arginase upregulation could contribute to structural remodeling as Lornithine, produced through the enzymatic activity of arginase, serves as a precursor for
polyamine and proline synthesis, which are essential compounds for intimal thickening and
collagen synthesis (Durante et al., 2007). Lysyl oxidase, an enzyme that regulates collagen crosslinking to control vascular stiffness, is also upregulated in hypertension and could contribute to
remodeling (Gonzalez et al., 2014). Increased Angiotensin II (Ang II) and aldosterone initiate
fibronectin and collagen deposition, and cause smooth muscle inflammation (Briet et al., 2016). It
is likely that all these pathways (and more) interact to induce pathological remodeling of the
microvasculature.

Both cutaneous microvascular endothelial dysfunction and pathological microvascular
remodeling occur in men and women with essential hypertension. Of importance is that research
to date has been done in men and women with essential hypertension, but without accompanying
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comorbidities (i.e. elevated cholesterol, smoking) or use of vasoactive medications (i.e. statins).
Therefore, the cutaneous microvascular dysfunction observed can be attributed to elevated blood
pressure and not other cardiovascular disease risk factors that often accompany hypertension in
the general population. These hypertension-associated changes in the cutaneous microvasculature
are indicative of generalized microvascular dysfunction throughout multiple organs and tissues.
The remainder of this review will focus on examining three potential therapeutic targets and
modalities for correcting microvascular dysfunction in men and women with essential
hypertension. These targets include: the vasoactive compound menthol, the lysyl oxidase family
of enzymes, and long-term systemic blood pressure control with either an angiotensin converting
enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB).

Menthol and essential hypertension

Transient receptor potential melastatin 8 (TRPM8) channels, part of the TRP superfamily
of non-selective cation channels, are activated by cold, icilin, and menthol (McKemy et al., 2002;
Peier et al., 2002). TRPM8 is largely expressed in Aδ (Premkumar and Abooj, 2013) and Cnociceptive (Campero et al., 2009) nerve fibers, and allows for the transduction of cold and coldalgesia. However, the physiological actions mediated by TRPM8 channels are not limited to the
sensation of cold temperature. TRPM8 channels are also expressed in vascular endothelium
(Jardin et al., 2013; Johnson et al., 2009) and smooth muscle (Jardin et al., 2013; Yang et al.,
2006), and activation of these vascular TRPM8 channels can cause vasodilation.

Menthol, derived from the mint plant, is a naturally occurring TRPM8 channel agonist
(Peier et al., 2002) that is a common additive in many widely used products such as topical
analgesics, breath mints, and toothpaste. Given that menthol induces sensations of cold
temperatures, many have assumed that menthol induces vasoconstriction, similar to topically
applied ice. Though some have found that menthol induces arterial vasoconstriction (Olive et al.,
2010; Topp et al., 2013; Topp et al., 2011b), most studies have found that menthol is a potent
vasodilator (Cheang et al., 2013; Craighead and Alexander, 2016; Craighead et al., 2016; Johnson
et al., 2009; Sun et al., 2014b). When applied topically, menthol can increase skin blood flow in
the human cutaneous microvasculature (Craighead and Alexander, 2016; Johnson et al., 2009),
while in animal models menthol applied directly to arteries induces vasodilation (Cheang et al.,
2013; Johnson et al., 2009). Menthol-induced vasodilation is mediated by multiple molecular
mechanisms including NO (Johnson et al., 2009), EDHFs and sensory nerves (Craighead and
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Alexander, 2016), attenuated RhoA/Rho kinase-mediated vasoconstriction (Sun et al., 2014b),
and decreased calcium influx to vascular smooth muscle (Cheang et al., 2013; Ito et al., 2008).
The breadth of pathways involved in menthol-mediated vasodilation is to be expected given that
TRPM8 channels are expressed in many different tissues and enable generalized cation flux.
Indeed, calcium entry into the endothelium via TRPM8 channels could stimulate both increased
NO production and opening of calcium activated potassium channels which would result in
vascular smooth muscle hyperpolarization (Zholos et al., 2011).

Given that hypertension is a pathology associated with increased tonic vasoconstriction, a
cheap, safe, and readily available vasodilator may be an appropriate nutraceutical addition to
conventional antihypertensive therapy. Menthol fits these descriptions and is already widely
available and regularly consumed in the diet as peppermint. Despite the consistent finding of
menthol as a vasodilator, relatively few studies have examined the role of menthol in blood
pressure regulation and hypertension. In 1957, Rakieten & Rakieten demonstrated the intravenous
administration of menthol reduced blood pressure in rabbits and cats (Rakieten, 1957). More
recently, Sun et al., showed that prolonged supplementation with orally-administer menthol can
reduce mean arterial pressure in prehypertensive men and women (Sun et al., 2014b). However,
in rat models of pulmonary hypertension, TRPM8 expression is reduced and menthol-induced
vasorelaxation is attenuated (Liu et al., 2013b). Furthermore, genetic variants of TRPM8 may
increase the risk for hypertension (He et al., 2013) and metabolic syndrome (Tabur et al., 2015).
Along with hypertension-associated alterations in TRPM8 channels, the pathways of TRPM8mediated vasodilation are downregulated in people with hypertension. Specifically, NO- and
EDHF-mediated vasodilation is attenuated with hypertension (Holowatz and Kenney, 2007a;
Holowatz and Kenney, 2007b; Li et al., 2007; Mori et al., 2006), meaning that the metabolic
pathways through which menthol induces vasodilation may not be available in hypertensive men
and women, which would limit the magnitude of menthol-mediated vasodilation. These findings
cast doubt upon whether targeted activation of TRPM8 channels with menthol would induce
vasodilation, decrease vascular resistance, and lower blood pressure in men and women with
essential hypertension. It is currently unknown if menthol is an appropriate nutraceutical add-on
treatment for essential hypertension.
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Lysyl oxidase and vascular structure

Lysyl oxidase and the lysyl oxidase like (LOXL)1-4 proteins are copper dependent amine
oxidases that modulate vessel structure by controlling collagen and elastin cross-linking
(Rodriguez et al., 2008). Pre-pro-lysyl oxidase is produced by fibrinogenic cells, is converted to
pro-lysyl oxidase, and secreted into the extracellular space. In the extracellular space, pro-lysyl
oxidase is converted to lysyl oxidase and either binds to the extra cellular matrix or re-enters the
cell. Matrix-bound lysyl oxidase converts lysine residues to reactive semialdehydes, which then
spontaneously condense to form cross-linked collagen and elastin fibers (Orriols et al., 2014;
Rodriguez et al., 2008). These cross-linked fibers are relatively insoluble to enzymatic
degradation, increase vascular stiffness, and stabilize vessels structure. The degree of collagen
cross-linking contributes to the regulation of vascular stiffness. Adequate lysyl oxidase
expression is required for vascular development and stability. Lysyl oxidase knockout mice
possess poorly developed cardiovascular systems and die shortly after birth (Hornstra et al., 2003;
Maki et al., 2002). Long term inhibition of lysyl oxidase in animals leads to the development of
aortic aneurysms (Li et al., 2013; Nakashima and Sueishi, 1992). Men and women with genetic
mutations that cause dysfunctional lysyl oxidase are at an increased risk for spontaneous aortic
dissection (Sibon et al., 2005). Though it is classically considered a regulator of vessel structure,
lysyl oxidase is also necessary for proper endothelial function. Inhibition of lysyl oxidase
increases exchange of macromolecules across the endothelium, suggesting that depressed lysyl
oxidase expression leads to attenuated endothelial barrier function (Alcudia et al., 2008;
Rodriguez et al., 2008), suggestive of endothelial dysfunction. Therefore, since lysyl oxidase
needs to be tightly regulated for optimal vessel structure and endothelial function, lysyl oxidase is
an essential enzyme for proper cardiovascular health.

Though it is requisite for proper vessel structure and development, upregulation of lysyl
oxidase has negative health effects. Elevated lysyl oxidase is associated with pathological vessel
stiffening. Lysyl oxidase expression is upregulated in hypertensive humans and in animal models
of hypertension (Arribas et al., 2008; Eberson et al., 2015; Gonzalez et al., 2014; Lopez et al.,
2009), leading to increased collagen cross-linking. Increased collagen cross-linking elevates
vessel stiffness, even in the absence of increased intimal content (i.e. vessel hypertrophy).
Increased vessel stiffness leads to a coordinated change in blood pressure mechanics including (1)
increased pulse wave velocity, (2) earlier return of reflected pressure wave, and (3) amplified
primary pressure wave in systole, with this amplified pressure wave contributing to target organ
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damage (Yannoutsos et al., 2014). Because of its action regulating vascular collagen crosslinking, lysyl oxidase is an emerging potential therapeutic target to correct hypertensionassociated vascular remodeling.

Outside of regulating collagen and elastin cross-linking, the lysyl oxidase family of
enzymes have other emerging physiological roles. Hydrogen peroxide produced through lysyl
oxidase-mediated reactions induces chemotaxis of peripheral blood mononuclear cells and
vascular smooth muscle cells (Lucero and Kagan, 2006). Lysyl oxidase has also been found to be
concentrated within the cell nucleus of vascular smooth muscle cells, giving it the potential to
affect gene expression (Okkelman et al., 2014). Furthermore, lysyl oxidase has been shown to
have angiogenic properties, and is related to the progression and regression of certain forms of
cancer (Baker et al., 2013; Erler and Giaccia, 2006; Kaneda et al., 2004). These non-cross-linking
actions of lysyl oxidase are emerging and remain to be fully elucidated. Most of the work has not
been translated to in vivo human research, meaning that the non-structural effects of lysyl oxidase
inhibition in humans are not entirely understood.

Given the potential for development of aneurysms and the unknown off-target effects of
systemic lysyl oxidase inhibition, systemic inhibition of the lysyl oxidase family of enzymes is
not carried out in human research. This means translation of research on lysyl oxidase into
hypertensive men and women has been limited to correlation studies. Both lysyl oxidase and
LOXL-2 are expressed in the skin (Chanoki et al., 1995; Lopez et al., 2010), suggesting that the
cutaneous microvasculature may be an appropriate vascular bed to examine the vascular effects
of acute lysyl oxidase inhibition. The activity and effects of lysyl oxidase in cutaneous tissue have
been modestly investigated previously, though mostly with regards to wound healing as it was
postulated that inhibition of collagen cross-linking would reduce scar formation (Arem et al.,
1979; Denlinger and Keates, 1984; Hoffman et al., 1983). From the current database of skinspecific research we know that lysyl oxidase and LOXL-2 are the most abundant lysyl oxidase
family isoforms in the skin (Hayashi et al., 2004; Lopez et al., 2010), and that lysyl oxidase
expression in the skin is upregulated with scleroderma (Chanoki et al., 1995) and chronic UV
radiation exposure (Langton et al., 2016). Localized inhibition of lysyl oxidase in the cutaneous
microvasculature will allow for first-step translation of research on lysyl oxidase inhibition in
hypertensive humans.
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Renin-angiotensin system inhibiting antihypertensive pharmacotherapy and the effects on
microvascular structure/function

There are many different classes of antihypertensive medications available for the
treatment of high blood pressure. Both beta-blockers, that work by slowing heart rate and
decreasing cardiac output, and diuretics, that promote fluid excretion, lower blood pressure
without acting on the vasculature. These classes of medications, with some exceptions (such as
the vasodilating beta-blocker nebivolol), are not associated with improvements in vascular health
(Levy et al., 2001a). Other classes of antihypertensive medications, such as calcium channelblockers, ACE inhibitors, and ARBs, which act by inducing vasodilation and reducing vascular
resistance, are associated with improvements in vascular structure and function (Levy et al.,
2001a; Mancini et al., 2016).

Hypertension is associated with upregulation of the renin-angiotensin system (RAS).
Renin, secreted from the kidney, converts angiotensinogen into angiotensin I, which is further
hydrolyzed by ACE into Ang II. Ang II acts on angiotensin 1 (AT1) receptors to cause
vasoconstriction, aldosterone secretion, upregulation of iNOS, increased oxidative stress, and
vessel remodeling (Benigni et al., 2010; Matsui et al., 2004). The concentration of circulating
Ang II is upregulated in men and women with hypertension and leads to chronic AT1 receptor
activation, that helps contribute to endothelial dysfunction and vascular remodeling.

The pleotropic effects of ACE inhibitors and ARBs are likely derived from inhibition of
the RAS. ACE inhibitors and ARBs prevent hypertension by reducing Ang II-mediated
vasoconstriction. Both of these classes of medications are considered first-line pharmacotherapies
according to the 8th Joint National Committee on Hypertension (JNC8) (James et al., 2014) and as
such are widely prescribed for the treatment of hypertension. Through reduced AT1 receptor
activation, these medications have demonstrated pleiotropic effects outside of blood pressure
normalization. ACE inhibitors have been shown to increase production of the vasodilator
bradykinin (Gryglewski et al., 2001), prevent smooth muscle proliferation, and to possess antiinflammatory, antioxidant, and antiplatelet effects (Kothari et al., 2003; Krysiak and Okopien,
2008). Similarly, ARBs also have vasodilator, antioxidant, and antiplatelet actions (Chrysant and
Chrysant, 2006). Therefore, these classes of medications may be able to augment microvascular
endothelial function in hypertensive patients.
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The effects of antihypertensive pharmacotherapies on vessel structure have been
extensively reviewed, though the literature varies due to the use of many different classifications
of medications, treatment durations, and assessment methods. It appears that to correct structural
changes, pharmacotherapy must reduce peripheral vascular resistance (Feihl et al., 2008). In a
review of the literature, Christensen and Mulvany showed the increased minimum vascular
resistance with pharmacotherapy was not correlated with control of blood pressure. However,
control of blood pressure was correlated with changes in resting vascular resistance (Christensen
and Mulvany, 2001) indicative of reduced basal vascular tone. To this end, beta-blockers, which
lower blood pressure through reduced cardiac output, not reduced resistance, seem to have no
effect of vessel structure (Lepantalo and Totterman, 1983; Novo et al., 1992). Diuretics, which
work through increasing urine output to reduce plasma volume and subsequently cardiac output,
also appear incapable of changing vascular structure (Dahlof and Hansson, 1993). All other major
classifications of antihypertensive medications, including calcium channel blockers, ACE
inhibitors, and ARBs, have demonstrated an ability to restore indices of microvascular structure
(Feihl et al., 2008; Levy et al., 2001a), though the precise mechanisms require further elucidation.

Both endothelial function and maximal vasodilator capacity (Carberry et al., 1992;
Holowatz and Kenney, 2007a; Holowatz and Kenney, 2007b; Smith et al., 2011) are attenuated in
the cutaneous microvasculature of hypertensive men and women. In other vascular beds,
antihypertensive pharmacotherapy, especially including the use of ACE inhibitors or ARBs, has
demonstrated the capability to improve endothelial function and halt or reverse structural maladaptations that are associated with hypertension. However, the pathways of restoration in the
cutaneous microvasculature have not been delineated.
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Figure 2-1

Figure 2-1. Schematic illustrating the potential mechanisms of menthol-dependent vasodilation.
Menthol-dependent vasodilation requires TRPM8 channels, NO, and EDHFs, that may be
downregulated with hypertension. Therefore, it needs to be determined if menthol can induce
vasodilation in men and women with essential hypertension. SKca=small calcium-activated
potassium channel, IKca=intermediate calcium-activated potassium channel, BKca=big calciumactivated potassium channel. Adapted from Zholos et al., 2011; Feletou & Vanhoutte, 2009; Sun
et al., 2014.
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Figure 2-2

Figure 2-2. Schematic illustrating the production and action of lysyl oxidase with regards to
development of collagen cross-links. Essential hypertension results in augmented lysyl oxidase
expression and increased vascular stiffness. More research is needed to elucidate the response to
lysyl oxidase inhibition in the human microvasculature. TGF-β=transforming growth factor beta.
Adapted from Rodriguez et al., 2008; Lopez et al., 2009.
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Figure 2-3

Figure 2-3. Schematic illustrating the renin-angiotensin system (RAS). RAS-inhibiting
pharmacotherapy act on angiotensin converting enzyme (ACE) or the angiotensin 1 (AT1)
receptor to inhibit vasoconstriction and upregulation of iNOS.
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Chapter 3

MENTHOL-INDUCED CUTANEOUS VASODILATION IS
PRESERVED IN ESSENTIAL HYPERTENSIVE MEN AND WOMEN

Introduction

Menthol, a common additive to foods, medicines, and topical analgesics, elicits a pleasant
cool/mint sensation and has the ability to block the transmission of pain along small c-nociceptive
nerve fibers via gate control mechanism (Melzack, 1996). We recently demonstrated that menthol
can induce vasodilation of the cutaneous microvasculature through sensory nerve, endothelium
derived hyperpolarizing factor (EDHF), and nitric oxide (NO)-dependent mechanisms (Craighead
and Alexander, 2016; Craighead et al., 2016). Menthol is a selective transient receptor potential
melastatin 8 (TRPM8) agonist (Peier et al., 2002) and the ability of menthol to induce
vasodilation is most likely dependent upon activation of TRPM8 channels. TRPM8 channels are
non-selective cation channels that open in response to both cold/cool temperatures (8-28⁰C)
(McKemy et al., 2002) and menthol (Bautista et al., 2007; Peier et al., 2002). TRPM8 channels
are present in many cell types, including vascular smooth muscle and endothelial cells (Johnson
et al., 2009). It is thought that opening of vascular TRPM8 channels enables entry of calcium
into the endothelium (Zholos et al., 2011) which can increase endothelial NO production (Cohen
and Vanhoutte, 1995; Kuchan and Frangos, 1994) and hyperpolarize vascular smooth muscle
cells by opening calcium activated potassium channels (Feletou and Vanhoutte, 2009; Ungvari et
al., 2002).

Hypertension is a highly prevalent chronic disease that affects nearly one third of adult
Americans (Nwankwo et al., 2013) and is a primary risk factor for the development of
cardiovascular disease and stroke (Kannel, 1996; Stokes et al., 1989). Hypertension is
characterized by increased vasoconstrictor tone (Feihl et al., 2006; Yannoutsos et al., 2014) and a
loss of endothelium-dependent vasodilation (Cai and Harrison, 2000; Iiyama et al., 1996).
Multiple classes of medications are available to treat hypertension, many of which, such as ACEinhibitors, angiotensin receptor blockers, and calcium channel blockers, work by decreasing
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vascular resistance. However, antihypertensive pharmacotherapy does not effectively control
blood pressure in all patients. Approximately 40% of medicated hypertensive men and women
have uncontrolled blood pressure (Gu et al., 2012), and approximately 20% of medicated
hypertensive subjects have resistant hypertension and express elevated blood pressure despite
concurrent therapy with three different antihypertensive medications (Acelajado and Calhoun,
2010). Therefore, it is important to identify additional treatments to combat hypertension. Given
menthol’s low cost, safety, and ability to induce vasodilation, menthol may be an appropriate
nutraceutical addition to traditional antihypertensive pharmacotherapy. In animal models,
intravenous administration of menthol can lower blood pressure (Rakieten, 1956), while
supplementation with orally-administered menthol has been efficacious in reducing blood
pressure in pre-hypertensive men and women (Sun et al., 2014b). However, TRPM8 expression is
downregulated in animal models of hypertension (Liu et al., 2013b), and TRPM8 gene
polymorphism may increase the risk for developing hypertension (He et al., 2013) and metabolic
syndrome (Tabur et al., 2015). Furthermore, the putative downstream mechanisms of menthol
(NO and EDHF) are downregulated in hypertension (Michel et al., 2008; Vanhoutte et al., 2005).
Potential alterations in TRPM8 polymorphism and expression, along with attenuation of
downstream mechanisms, with hypertension make the antihypertensive potential of menthol, at
this point, unknown.

At appropriate doses, menthol can be orally administered without serious complications.
Sun et al. provided participants with 144 mg of menthol per day for 8 weeks. This does was
efficacious to decrease blood pressure and was free of side effects (Sun et al., 2014a). Menthol
administered other ways (i.e. peppermint oil) has been safely used in short term interventions
with minimal side effects (heartburn) (Cappello et al., 2007; Meamarbashi and Rajabi, 2013).
However, data from long-term interventions is still required to fully elucidate the safety of
systemic menthol supplementation.

Our previous research on menthol utilized the skin as a clinically relevant tissue given the
common use of topical menthol agents (Craighead and Alexander, 2016; Craighead et al., 2016).
However, the cutaneous microvasculature is an easily accessible vascular bed that is
representative of whole-body microvascular function (Holowatz et al., 2008) and has been
utilized to examine changes in microvasculature function in men and women with essential
hypertension (Bruning et al., 2015; Holowatz and Kenney, 2007a; Holowatz and Kenney, 2007b;
Smith et al., 2011). Therefore, the goal of this study was to examine the magnitude and
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mechanisms of menthol-induced vasodilation in the cutaneous microvasculature of hypertensive
men and women as a first step in elucidating the antihypertensive potential of menthol.

Methods

Subjects
The experimental protocol was approved by the institutional review board of The
Pennsylvania State University and conformed to the guidelines laid out in the Declaration of
Helsinki. Written and verbal consent was obtained from all subjects prior to participation in the
study. Eight essential hypertensive and seven age-matched normotensive subjects were recruited
for this study. Hypertensive status was determined in accordance with JNC7 guidelines, with each
participant presenting with a seated SBP ≥140 mmHg or DBP ≥90 mmHg on at least two separate
occasions (Chobanian et al., 2003). Blood pressure status was confirmed through use of a 24-hour
ambulatory blood pressure monitor (Ambulo 2400, Mortara Instruments) that measured blood
pressure every 30 minutes during the waking hours and every hour during sleep. Due to the
inclusion of sleeping hours, blood pressure from 24-hour monitors is less than what is observed
during seated blood pressure measurement. Hypertensive status was confirmed from ambulatory
monitor data if average 24-hour SBP was ≥130mmHg or DBP was ≥80mmHg (Mancia, 2013b).
All subjects were normally active, non-smokers, free from chronic disease other than
hypertension, and not taking any medications that could affect the cardiovascular system. All
women were post-menopausal and not taking hormone replacement therapy. All subjects
participated in a health screening prior to initiation of the study. The health screening included
measurements of height, weight, waist circumference, and blood pressure. Subjects also
completed a health history form and gave a blood sample for blood chemistry and lipid analysis
(Quest diagnostic).

Instrumentation
All protocols took place in a thermoneutral laboratory with subjects in a semisupine
position. Subjects arrived at the lab having abstained from consuming caffeine or alcohol, and
from vigorous exercise, for the previous 12 hours. Four intradermal microdialysis fibers (55 kDa
cutoff, CMA) were place in the ventral forearm as previously described (Smith et al., 2011). Each
microdialysis fiber was randomly prescribed 1) lactated Ringer’s (control), 2) 20mM NG-Nitro-Larginine methyl ester (L-NAME; non-specific NOS antagonist), 3) 50mM tetraethylammonium
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(TEA; EDHF antagonist), or 4) topical lidocaine (4% LMX4 cream; sensory nerve antagonist).
All pharmacological agents (excluding lidocaine) were mixed just before use in lactated Ringer’s
solution, sterilized with syringe microfilters (Acrodisc, 0.2μm membrane), and wrapped in foil to
prevent degradation due to light exposure. Pharmacological agents were perfused through the
microdialysis fibers at a rate of 2μL•min-1 (BASi Bee Hive controller and Baby Bee syringe
drive) for a minimum of 60 minutes. Topical lidocaine was applied over the same time period as
other pharmacological antagonists. Sensory nerve blockade at the lidocaine site was confirmed
through lack of sensation to a needle prick (Minson et al., 2001; Wong, 2013).

After microdialysis fibers were placed, 60-90 minutes were given for hyperemia due to
needle insertion trauma to fully subside. After resolution of insertion hyperemia, local heating
units (Moor Instruments) were placed over each microdialysis fiber and set to 33⁰C to maintain a
constant skin temperature. A laser Doppler probe (Moor Instruments) was placed within each
heater to measure red cell flux, a relative measure of skin blood flow. Brachial artery blood
pressure was measured via brachial auscultation every 5 minutes throughout the study
(Cardiocap5, General Electric).

Experimental Protocol
After resolution of insertion trauma, baseline skin blood flow was measured for a
minimum of 15 minutes. After obtaining a stable baseline, seven increasing doses of menthol
(0.1, 1, 10, 50, 100, 250, and 500mM) mixed with the appropriate pharmacological inhibitor were
perfused through the microdialysis fibers. Just prior to use, menthol crystals were submerged in
the appropriate inhibitor-Ringer’s solution, heated, and stirred until menthol was fully dissolved
to create a 500mM menthol solution. This solution was then diluted to the appropriate doses.
Each dose of menthol was perfused for four minutes.

Once the menthol dose-response protocol was completed, 28mM sodium nitroprusside
(SNP: NO donor) was perfused through each fiber at a rate of 4μL•min-1 and the local heating
units were raised to 43⁰C at a rate of 0.5⁰C•5s-1 to obtain maximum skin blood flow (Holowatz et
al., 2005; Smith et al., 2011).

Data acquisition and analysis
Red cell flux was acquired at 40 Hz with WinDaq data acquisition software (DataQ
Instruments) and stored offline on a personal computer for later analysis. Red cell flux was
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divided by mean arterial pressure to obtain cutaneous vascular conductance (CVC). There was no
difference in maximum CVC between groups (normotensive: 1.31 ± 0.1, hypertensive: 1.29 ± 0.1
flux•mmHg-1; p=0.89), so data were normalized to a percentage of maximum CVC obtained
during SNP perfusion/local heating (%CVCmax). Data were obtained for all microdialysis sites
during baseline, each dose of menthol perfused, and during perfusion of SNP/43⁰C local heat.

Unpaired T-tests were used to determine differences in subject characteristics between
the normotensive and hypertensive groups. A 3-way repeated-measured mix-model ANOVA was
used to determine group, menthol dose, and microdialysis site differences (SAS 9.3). Specific
planned comparisons were made with Bonferroni corrections where appropriate. The level of
significance was set at α=0.05. All values are presented as mean ± SE.
Results

Subject characteristics are presented in Table 3-1. By design, the hypertensive group had
significantly higher seated measures of SBP, DBP, and MAP relative to the normotensive group.
There were also significant differences between groups in total cholesterol (p=0.04) and HDL
cholesterol (p=0.04). However, total cholesterol in the hypertensive group was still below clinical
levels (HHS, 2005).

Menthol dose response data at the control site are presented in figure 3-1a. Relative to
baseline, menthol induced significant vasodilation in the normotensive group at all menthol doses
≥100mM (all p<0.0.05). Similarly, menthol induced significant vasodilation in the essential
hypertensive group at all menthol doses ≥100mM (all p<0.05). There were no differences in
menthol-induced vasodilation between groups at any menthol dose (all p>0.05).

Data for the L-NAME site are depicted in figure 3-1b. In the normotensive group, with
NOS inhibition, menthol induced cutaneous vasodilation at all menthol doses ≥100mM (all
p<0.05). Within the normotensive group, there were no differences between the control and LNAME sites at any menthol dose (all p>0.05). In the essential hypertensive group, menthol did
not cause vasodilation at any concentration (all p>0.05). Vasodilation was significantly greater in
the normotensive group relative to the essential hypertensive group with 100mM menthol (17.0 ±
2.2 %CVCmax vs. 12.6 ± 1.9 %CVCmax, p=0.04) and 500mM menthol (18.3 ± 2.9 %CVCmax vs.
12.9 ± 2.4 %CVCmax, p=0.02), but not at any other menthol doses. Within the essential
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hypertensive group, L-NAME attenuated vasodilation relative to the control site at all menthol
doses ≥100mM (all p<0.05).
Data for the TEA site are shown in figure 3-1c. With EDHFs inhibited, menthol did not
induce vasodilation at any dose in either the normotensive or essential hypertensive group (all
p>0.05). There was also no difference in cutaneous vasodilation between the normotensive and
essential hypertensive groups with any menthol dose (all p>0.05). Within the normotensive
group, there were no differences between the control and TEA sites at any menthol dose (all
p>0.05). Within the essential hypertensive group, vasodilation was attenuated in the TEA site
relative to the control site at all menthol doses ≥10mM (all p<0.05).
Data for the lidocaine site are depicted in figure 3-1d. In the lidocaine site, menthol
induced significant cutaneous vasodilation relative to baseline in the normotensive group with
250mM menthol (p=0.01), but not with any other menthol doses. Within the normotensive group,
there were no differences in vasodilation between the lidocaine and control sites with any
menthol dose (all p>0.05). In the essential hypertensive group, menthol did not induce cutaneous
vasodilation at any menthol dose (all p>0.05). Within the essential hypertensive group,
vasodilation was attenuated at the lidocaine site compared to the control site at all menthol doses
≥100mM (all p<0.05). There were no differences in menthol-induced cutaneous vasodilation
between the normotensive and essential hypertensive groups at any dose of menthol (all p>0.05).

Discussion

The main findings from this study were that (1) menthol induced cutaneous vasodilation
to a similar degree in normotensive and essential hypertensive men and women, (2) mentholinduced cutaneous vasodilation involves NO, EDHF, and sensory nerve pathways, (3) when
either NO or sensory nerves were inhibited, menthol induced vasodilation in normotensive, but
not essential hypertensive, men and women, and (4) inhibition of EDHFs fully inhibited mentholinduced vasodilation in both subject groups. These results matched previous findings that
demonstrated that menthol-induced vasodilation involves NO, EDHF and sensory nerve
components (Craighead and Alexander, 2016; Craighead et al., 2016). In addition, there is
agreement with work that demonstrates attenuation of multiple vasodilator systems in men and
women with essential hypertension (Giles et al., 2012; Li et al., 2007).
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The main goal of this study was to evaluate the potential for menthol to induce cutaneous
vasodilation in a group of essential hypertension patients as a first step to evaluate the potential
for menthol to act as a nutraceutical additive therapy in the treatment of hypertension. Despite
evidence of altered TRPM8 expression with essential hypertension (He et al., 2013; Liu et al.,
2013b; Tabur et al., 2015), I found that menthol-induced cutaneous vasodilation was no different
between normotensive and essential hypertensive subjects at the control site. These data, coupled
with prior data in pre-hypertensive subjects (Sun et al., 2014b), support further investigation of
menthol as a novel vasodilator to be used in the treatment of hypertension.

Similar to our previous findings, EDHFs played a large role in menthol-induced
vasodilation. Menthol did not cause vasodilation in either the normotensive or essential
hypertensive subjects when EDHFs were inhibited. However, when NO and sensory nerves were
inhibited, vasodilation was still apparent in the normotensive group. In contrast, menthol-induced
cutaneous vasodilation was fully attenuated with inhibition of either NO or sensory nerves in the
essential hypertensive group. This suggests that menthol works through multiple vasodilator
mechanisms, but that not all of these mechanisms are fully functional in men and women with
essential hypertension. NO- (Holowatz and Kenney, 2007a; Holowatz and Kenney, 2007b; Smith
et al., 2011) and EDHF-mediated (Li et al., 2007; Michel et al., 2008) vasodilation is attenuated
with essential hypertension, supporting this theory. In the cutaneous microvasculature, sensory
nerves are known to contribute to reflex vasodilation (Wong, 2013), and menthol-induced
vasodilation (Craighead and Alexander, 2016; Craighead et al., 2016), but not ACh-mediated
vasodilation (Metzler-Wilson and Wilson, 2013). However, changes in sensory nerve
contributions to cutaneous vasodilation in men and women with essential hypertension have not
been previously evaluated. These data are the first to suggest alterations in menthol-induced
cutaneous vasodilation with sensory nerve inhibition in men and women with essential
hypertension.

While these data suggest that menthol would be efficacious in men and women with
essential hypertension, research utilizing chronic supplementation with orally-administered
menthol, both alone and co-prescribed with traditional antihypertensive pharmacotherapy, needs
to be completed before the full antihypertensive potential of menthol can be determined.

The postulated mechanism for menthol-induced vasodilation involves a TRPM8 channelmediated increase in calcium flux into the vascular endothelium, resulting in upregulation of
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NO/EDHF. However, TRPM8 is also localized on the plasma membrane of vascular smooth
muscle cells (Johnson et al., 2009) and it is expected that increased intracellular calcium
concentrations in smooth muscle cells would induce vasoconstriction, introducing an apparent
paradox in our mechanistic explanation. In endothelium-denuded vessels menthol has been shown
to induce vasoconstriction, however in pre-constricted vessels menthol can induce vasodilation
(Johnson et al., 2009), indicating that the actions of menthol are dependent on current vascular
tone. At thermoneutral temperatures, the cutaneous microvasculature is in a relatively constricted
state (i.e. has a robust capacity to vasodilate) (Rowell, 1974), suggesting that menthol is likely to
induce vasodilation in the cutaneous vasculature. Investigation of systemic menthol
administration will determine if the vasodilatory effect of menthol is apparent in other tissues, or
if menthol possess vasoconstrictor properties in vivo.

Limitations

While menthol is largely specific for TRPM8 channels, there is crosstalk with TRP
vanilloid 3 (TRPV3) channels (Macpherson et al., 2006a), which are capable of inducing
vasodilation (Murphy et al., 2016; Pires et al., 2015). Therefore, it is unknown whether these
findings are (in part or in whole) due to TRPV3 channel activation. However, the main objective
of this study was to determine the efficacy of menthol to induce vasodilation in a group of
essential hypertensive subjects, which was successfully demonstrated. Therefore, this limitation
does not diminish the significance of these findings.

Menthol is highly soluble in alcohol-based solutions; however the solubility of menthol
in aqueous solutions is limited. The top dose of menthol utilized in this study (500mM) represents
the limit of menthol that can be dissolved in lactated Ringer’s solution. The inability to administer
greater doses of menthol limited our ability to measure maximum menthol-mediated vasodilation.
Greater dilation can be achieved with topical menthol (Craighead and Alexander, 2016); it is
unknown if this would differ in men and women with essential hypertension. The use of a partial
ethanol solution could have increased the maximum dose of deliverable menthol, however
ethanol deactivates TRPM8 channels (Benedikt et al., 2007), which would have influenced the
results. Despite this limitation, a significant degree of menthol-induced vasodilation was detected
within a limited vasodilatory window.
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Finally, the essential hypertensive subjects in this study represent a unique group that
present with elevated blood pressure but no other accompanying cardiovascular disease risk
factors. While this is advantageous for isolating the role of blood pressure in these findings, the
results are less translatable to the general public. It is possible that in a more real-world subject
population with multiple other cardiovascular disease risk factors accompanying hypertension,
menthol-induced vasodilation may be attenuated to a greater degree due to the presence of more
severe endothelial dysfunction.

Conclusion

Menthol induced an equal magnitude of cutaneous vasodilation in normotensive and
essential hypertensive men and women. It was also confirmed that menthol-induced cutaneous
vasodilation involved NO, EDHF, and sensory nerve pathways. These data support further
research into the use of menthol as a nutraceutical addition to traditional antihypertensive
pharmacotherapy due to menthol’s ability to act as a vasodilator in men and women with essential
hypertension.
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Table 3-1. Subject characteristics.
Normotensive

Hypertensive

Sex (M,F)

3,4

4,4

Age (y)

48 ± 2

53 ± 3

Height (m)

1.72 ± 0.02

1.68 ± 0.04

77.7 ± 4.6

71.3 ± 4.8

26.4 ± 1.6

25.3 ± 1.3

Total Cholesterol (mg•dL )

153 ± 25

208 ± 7*

LDL Cholesterol (mg•dL-1)

114 ± 6

118 ± 8

HDL Cholesterol (mg•dL-1)

48 ± 4

66 ± 6*

HbA1C

5.4 ± 0.1

5.2 ± 0.1

SBP (mmHg)

117 ± 3

145 ± 2*

DBP (mmHg)

73 ± 2

94 ± 1*

MAP (mmHg)

88 ± 2

111 ± 1*

Weight (kg)
-2

BMI (kg•m )
-1

Group mean ± SE. *p<0.05 compared to the normotensive group
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Figure 3-1

A

B
*† *† *†

C

*‡

*

*‡

D
*

Figure 3-1. Menthol dose-response. Cutaneous vasodilation at the control (A), NOS-inhibited
(L-NAME; B), EDHF-inhibited (TEA; C), and sensory nerve-inhibited (Lidocaine; D) sites in
normotensive (closed symbols) and essential hypertensive (open symbols) subjects. * p<0.05
compared to site-specific baseline in the normotensive group. † p<0.05 compared to site-specific
baseline in the essential hypertensive group. ‡ p<0.05 difference between the normotensive and
essential hypertensive groups.
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Chapter 4

THE ROLE OF LYSYL OXIDASE IN CUTANEOUS
MICROVASCULAR FUNCTION IN HUMANS

Introduction

Hypertension is a highly prevalent chronic disease affecting approximately 30% of adults
in The United States (Gillespie et al., 2013). Hypertension increases the risk of developing
coronary artery disease, renal failure, and stroke (Rosendorff et al., 2015). Among many
hypertension-associated pathological alterations, increased vascular stiffness is a hallmark
maladaptation. Elevated vascular stiffness leads to an augmentation of aortic pulse wave velocity
(PWV), which augments the systolic pressure wave by decreasing reflected wave transit time.
This augmented systolic pressure wave damages the endothelium, decreasing endothelial
function, and causes end organ damage in the vascular beds of organs and tissues (Mancia et al.,
1999; Parati et al., 1987; Wallace et al., 2007).

Numerous mechanisms contribute to increased vascular stiffness in hypertension.
Specifically, elevated angiotensin II contributes to inward eutrophic remodeling by increasing
vascular smooth muscle hypertrophy and hyperplasia, and increases collagen deposition (Laurent
and Boutouyrie, 2015; Schiffrin and Touyz, 2004). Advanced glycation end products increase
oxidant stress and pro-inflammatory cytokines, attenuating endothelial function and increasing
vascular tone (Zieman et al., 2005). Another enzyme that contributes to the increase in vascular
stiffness with hypertension is lysyl oxidase (LOX). LOX is a copper-dependent amine oxidase
that helps regulate blood vessel structure by catalyzing collagen and elastin cross-linking. LOX
causes oxidative deamination of lysine and hydroxylysine residues to reactive semialdehydes.
These reactive semialdehydes then spontaneously condense to form covalent cross-links, which
increase vessel stiffness (Rodriguez et al., 2008). Four similar enzymes to LOX, the LOX-like
(LOXL) 1-4 enzymes have been identified. LOX and the LOXL enzymes have varying patterns
of expression throughout the body and have various non-cross-linking physiological roles that
have not been fully elucidated (Molnar et al., 2003).
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LOX is required for the proper development and maintenance of vascular structure. LOX
knockout mice do not develop fully-formed vascular systems and are not viable (Hornstra et al.,
2003; Maki et al., 2002). In humans, decreased LOX expression can lead to spontaneous coronary
artery dissection (Sibon et al., 2005), while in animal models prolonged LOX inhibition greatly
decreases vessel integrity and leads to aneurysm development (Li et al., 2013; Nakashima and
Sueishi, 1992; Simpson et al., 1968).

Despite the integral role LOX plays in the maintenance of proper vessel structure,
overexpression of LOX is associated with cardiovascular pathologies and contributes to cardiac
and vascular stiffening (Lopez et al., 2009). Because of its association with cardiac and vascular
remodeling, LOX is an emerging therapeutic target. In several murine models of hypertension,
LOX activity, LOX expression, and collagen cross-linking are increased (Eberson et al., 2015;
Gonzalez et al., 2014), whereas collagen cross-linking and fibrosis are attenuated with systemic
LOX inhibition (Nave et al., 2014; Rosin et al., 2015). In limited human studies, LOX expression
and collagen cross-linking are both increased in men and women with chronic heart failure
(Lopez et al., 2009) and pulmonary hypertension (Nave et al., 2014). However to date, no
mechanistic studies have been performed in humans.

The human cutaneous circulation represents an easily accessible model of generalized
microvascular function (Holowatz et al., 2008). Hypertension-associated pathological alterations
in vessel structure and endothelial dysfunction are observable in the cutaneous microvasculature
(Abularrage et al., 2005; Farkas et al., 2004; Smith et al., 2011), making the cutaneous
microvasculature an acceptable tissue to examine the role of LOX on microvascular function.
Through use of intradermal microdialysis, pharmacological agents can be delivered that affect
only a small area of the cutaneous tissue, with no systemic exposure (Cracowski et al., 2006).
Both LOX and LOXL2 are expressed in the skin (Fushida-Takemura et al., 1996; Lopez et al.,
2009; Martin et al., 2015; Noblesse et al., 2004). Therefore, intradermal microdialysis is an
appropriate tool to examine the effects of LOX inhibition on the human microvasculature as there
is no risk of compromising large artery structure.

Given the absence of in vivo human LOX research, the aim of this study was to assess the
effects of acute LOX and LOXL 1-4 inhibition on human cutaneous microvascular function as a
first step in understanding the vascular roles that the LOX family of enzymes play in the
microvasculature in vivo. Specifically, the aims of this study were to measure LOX/LOXL2
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expression in skin tissue samples, and to determine changes vascular smooth muscle vasodilator
and vasoconstrictor reactivity in response to acute localized LOX inhibition in young, middleaged normotensive, and essential hypertensive men and women. The hypotheses were that (1)
expression of LOX and LOXL2 would be upregulated in hypertensive, but not young or
normotensive, men and women and (2) inhibition of the LOX family of enzymes would augment
vascular smooth muscle mediated vasodilation and vasoconstriction in hypertensive, but not
young or middle-aged normotensive, subjects.

Methods

Participants
Experimental protocols were approved by the institutional review board of The
Pennsylvania State University and conformed to the Declaration of Helsinki. Written and verbal
consent were obtained voluntarily from all participants prior to participation in the study.
Participants completed a medical screening including a review of their health history, blood
pressure screening, and blood lipid and chemistry analysis (Quest Diagnostics). Middle-aged
(normotensive and hypertensive) participants also underwent blood pressure assessment with a
24-hour ambulatory monitor to confirm blood pressure status.

Three groups of participants were recruited to participate in this study: young (18-30
years), essential hypertensive, and age-matched normotensive (both 40-75 years). Blood pressure
status was confirmed according to JNC7 guidelines with each participant presenting with a seated
SBP ≥140 mmHg or DBP ≥90 mmHg on at least two separate occasions (Chobanian et al., 2003).
Blood pressure status was confirmed through use of a 24-hour ambulatory blood pressure monitor
(Ambulo 2400, Mortara Instruments) that measured blood pressure every 30 minutes during the
waking hours and every hour during sleep. Due to the inclusion of sleeping hours, blood pressure
from 24-hour monitors is less than what is observed during seated blood pressure measurement.
Thus, hypertensive status was confirmed from ambulatory monitor data if 24 hour average SBP
was ≥130 mmHg and/or DBP was ≥80mmHg, as directed by European Society of
Hypertension/European Society of Cardiology guidelines (Mancia, 2013a). Other than high blood
pressure in the hypertensive group, all participants were apparently healthy, did not smoke, and
were not taking medications with vascular effects. All premenopausal women were normally
menstruating and were studied either during the early follicular phase (days 1-7) or during the
placebo phase if they were taking hormonal birth control. Postmenopausal women were not
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taking hormone replacement therapy. All participants refrained from consuming alcohol and
caffeine, and from exercise, for 12 hours before the study.

In Vitro analysis
Forearm skin tissue samples were obtained via punch biopsy from a subset of subjects (9
normotensive, 9 hypertensive), as described previously (Smith et al., 2011). Skin samples were
homogenized in 200 μL RIPA containing protease inhibitors and centrifuged at 12,000 rpm to
recover supernatant. Pellet was solubilized in SDS-containing buffer (1x Laemmli buffer). Gels
were run to investigate DOC soluble (soluble, non-matrix bound LOX) and SDS soluble (extra
cellular matrix-bound LOX).

Microdialysis
Four intradermal microdialysis fibers (55 kDa cutoff, CMA) were placed into the dermal
layer of the ventral forearm as previously described (Smith et al., 2011; Stanhewicz et al., 2012).
Pharmacological agents were mixed just before use, dissolved in lactated Ringer’s solution, and
filtered with a syringe microfilter (Acrodisc, 0.2μm membrane). Microdialysis sites were
randomized into two pairs. One microdialysis site in each pair received a 2-hour pretreatment
with 10mM β-aminopropionitrile (BAPN, Sigma-Aldrich) to non-specifically inhibit LOX and all
LOXL enzymes, while the other site was perfused with lactated Ringer’s to serve as control. Pilot
testing showed that 10mM BAPN was an appropriate concentration of the inhibitor that did not
cause a baseline shift in vasodilation and that 2 hours was sufficient time for BAPN to take effect.
Pharmacological agents were perfused through the fibers at a rate of 2μL•min-1 (BASi Bee Hive
controller and Baby Bee syringe drive).

The 2 hour pretreatment with BAPN provided ample time from the resolution of
hyperemia from microdialysis fiber placement. Local heating units (Moor Instruments) were
placed over each microdialysis site and were set to thermoneutral skin temperature (33⁰C). A
laser Doppler flowmeter probe (Moor Instruments) was placed in each local heating until to
continuously measure red cell flux, a relative measure of skin blood flow.

After 2 hours, each pair of microdialysis fibers was perfused with increasing doses of
either sodium nitroprusside (SNP: 10-8 to 10-1.3 M), or norepinephrine (NE: 10-12 to 10-2 M), in 5
minute increments. SNP, a nitric oxide (NO) donor induces vasodilation that is endotheliumindependent and was used to assess vascular smooth muscle-dependent vasodilator sensitivity.
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NE was used to assess vascular smooth muscle-dependent vasoconstrictor sensitivity. Each
agonist that was applied to a BAPN-pretreated site was mixed with 10mM BAPN to maintain
LOX inhibition throughout the protocol.

Time course experiment
To determine if the vasoactive effects of LOX inhibition occurred rapidly (minutes) or
accrued over time (hours), a time course experiment was performed in a subset of 5 young
subjects on a separate day from the dose-response protocol. Two intradermal microdialysis fibers
were placed in the ventral forearm. Each fiber was perfused with lactated Ringer’s until the
resolution of insertion hyperemia (60-90 minutes). Sites were randomly assigned either 10-4 M
SNP, or 10-7 M NE. These doses were chosen as they approximate the LogEC50 for each
pharmacological agent. Bolus doses of each pharmacological agonist were perfused at 4μL•min-1
for 5 min. Liquid switches (CMA 110) were used to switch from lactated Ringer’s to agonist
perfusion without altering perfusion pressure. After 5 min of agonist perfusion, 10mM BAPN
was perfused through both fibers for 30 minutes, after which the agonists were then perfused for
another 5 minutes. This process was repeated twice more so that in total, agonists were perfused
once before BAPN treatment and after 30, 60, and 90 minutes of BAPN treatment.

Statistical analysis
Skin blood flow data were stored offline on a personal computer for later analysis. Red
cell flux was normalized to blood pressure and expressed as cutaneous vascular conductance
(CVC: flux/mean arterial pressure). SNP data were expressed as absolute CVC and not
normalized to a percent of maximum CVC as LOX inhibition was expected to altered maximal
vasodilator capacity. LOX inhibition did not change baseline CVC (Table 4-2) or maximum
vasoconstriction (Table 4-3), therefore data for NE-mediated vasoconstriction were expressed as
a percent change from baseline (%CVCbaseline) (Greaney et al., 2015).
Pharmacological curve modeling was performed using GraphPad Prism 7.01. Four
parameter logistic regressions with variable slopes and no constraints were used to compare
LogEC50s. Comparisons were made between LogEC50s with an extra sum-of-squares F test to
determine LOX-mediated changes in vasodilator or vasoconstrictor sensitivity. To assess LOXmediated changes in the magnitude of vasodilation/vasoconstriction, main effects for treatment
(i.e. SNP vs SNP +BAPN) were assessed with a 2-way repeated measure ANOVA, with
Bonferroni corrections for multiple comparisons when main effects were observed. Time course

39
data were analyzed with a 1-way ANOVA. Densitometry analysis of western blots was performed
with Image J software. DOC soluble LOX and LOXL2 were normalized to the loading control
GAPDH. There is no loading control of SDS soluble LOX/LOXL2, so data were normalized to
the average normotensive (set equal to 100). Unpaired t-tests were used to compare all expression
data. Alpha was set at p=0.05 for all comparisons.

Results

Subject characteristics are shown in table 4-1. Groups were well matched for physical
characteristics. By design the young group was younger than the normotensive and hypertensive
groups. SBP, DBP, and MAP were all higher in the hypertensive group compared to young and
normotensive subjects. Total cholesterol was higher in the hypertensive group compared to young
subjects, but was still within the clinically normal range (HHS, 2005).

LOX expression data are presented in figure 4-1 and figure 4-2. DOC soluble (soluble)
LOX/LOXL2 was analyzed in 8 subjects (4 normotensive, 4 hypertensive). SDS soluble (matrixbound) LOX/LOXL2 was analyzed in 10 subjects (5 normotensive, 5 hypertensive). There was
no difference in the expression of soluble LOX between normotensive and hypertensive subjects
(normotensive: 1.36 ± 0.25, hypertensive 0.75 ± 0.21 LOX/GAPDH; p=0.11). Soluble LOXL2
expression was significantly greater in the normotensive subjects compared to the hypertensive
subjects (normotensive 0.85 ± 0.25, hypertensive 0.20 ± 0.04 LOXL2/GAPDH; p=0.04). There
also was no difference in extra cellular matrix-bound LOX expression between normotensive and
hypertensive subjects (normotensive 100 ± 8, hypertensive 196 ± 53; p=0.11). Extra cellular
matrix-bound LOXL2 expression was increased in hypertensive subjects relative to normotensive
subjects (normotensive 100 ± 21, hypertensive 644 ± 106; p=0.001).

SNP-mediated vasodilation is depicted in figure 4-3. In young subjects, LogEC50 was
not altered with LOX inhibition (SNP: -4.68, SNP+BAPN: -3.71; p=0.11), and there was no main
effect of treatment (p=0.23). In the middle-aged normotensive subjects, LogEC50 was not altered
with LOX inhibition (SNP: -3.21, SNP+BAPN: -3.58, p=0.78), but there was a significant main
effect of treatment (p=0.004), with SNP+BAPN augmenting vasodilation relative to SNP alone.
However, there were no statistical differences at any individual dose of SNP between the LOX
inhibited and uninhibited sites in this subject group. In the essential hypertensive group, LOX
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inhibition did not alter LogEC50 (SNP: -2.12, SNP+BAPN: -1.95; p=0.99), nor was there a main
effect of LOX inhibition (p=0.55).
Absolute vasoconstriction in response to 10-2M NE (ΔCVC from baseline) is shown in
table 4-3. Maximal vasoconstriction was not altered by LOX inhibition in any of the groups. NEmediated vasoconstriction expressed as %CVCbaseline is depicted in figure 4-4. In the young group,
LOX inhibition increased vasoconstrictor sensitivity to NE (LogEC50 NE: -6.01, NE+BAPN:
-7.09; p=0.027). There was a main effect of LOX inhibition in the young group (p<0.001), though
there were no significant differences between sites and any individual doses of NE.
Vasoconstrictor sensitivity was also increased with LOX inhibition in the middle-aged
normotensive group (LogEC50 NE: -4.81, NE+BAPN: -6.98; p=0.022). There was also a main
effect of LOX inhibition in the middle-aged normotensive group (p=0.017). Like the young
group, there were no significant differences between sites at any individual dose of NE in the
normotensive group. LOX inhibition did not alter sensitivity to NE in the essential hypertensive
group (LogEC50 NE: -5.98, NE+BAPN: -6.13; p=0.79), nor was there a main effect of LOX
inhibition (p=0.21).

Data from the time course experiment are presented in figure 4-5. Relative to a BAPNfree dose of SNP, inhibition of LOX did not alter SNP-mediated vasodilation at any time point
(all p>0.05). Similarly, LOX inhibition did not alter NE-mediated vasoconstriction, compared to
a BAPN-free dose of NE, at any time point (all p>0.05).

Discussion

The main findings of this study were that (1) soluble LOXL2 expression was lower, but
matrix-bound LOXL2 expression was higher in hypertensive subjects relative to normotensive
subjects, (2) acute LOX inhibition augmented SNP-mediated vasodilation in the middle-aged
normotensive group, and (3) acute LOX inhibition increased vasoconstrictor sensitivity to NE in
young and middle-aged normotensive subjects, but not in the essential hypertensive group. These
findings represent first-step in vivo human research on the influence of the LOX family of
enzymes on the function of the microvasculature.

The LOX family of enzymes is freely soluble when first secreted from fibrinogenic cells
and then become relatively insoluble once associated with the extra cellular matrix (Kagan and
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Li, 2003). Soluble LOX mediates the emerging chemotactic and oncogenic actions of LOX, while
matrix-bound LOX mediates collagen cross-linking (Kagan and Li, 2003). In animal models of
hypertension, the LOX family of enzymes is upregulated (Eberson et al., 2015; Lopez et al.,
2009; Nave et al., 2014), however the potential differences in soluble and insoluble LOX has not
been examined. The results of the present study demonstrate changes in the expression of soluble
and insoluble LOX and LOXL2, the isoforms most highly expressed in the skin, in hypertensive
human subjects. Extracellular matrix-bound LOXL2 expression was higher in hypertensive
subjects relative to normotensive subjects. Conversely, soluble LOXL2 expression was lower in
hypertensive subjects compared to normotensive subjects. There were no differences in matrixbound LOX or soluble LOX between the two groups. The increase in matrix-bound LOXL2
expression with hypertension likely mediates upregulated collagen cross-linking, leading to
increased vascular stiffness. Our findings in the cutaneous microvasculature suggest that
alterations in LOX-family expression are not limited to conduit arteries or the heart.

The difference in LOXL2 expression between the middle-aged normotensive and
essential hypertensive subjects is also supported by our functional data. BAPN irreversibly
inhibits all LOX isoforms (Rodriguez et al., 2002) and elevates soluble collagen over a relatively
short time scale (~six hours) (Arem et al., 1979). However, collagen turnover rate is slow (weeks)
(Rucklidge et al., 1992), equivocating whether LOXL2-mediated collagen cross-linking would be
altered during the acute exposure to BAPN utilized in this study. Instead, augmented
vasoreactivity to an endothelium-independent vasodilator, and direct smooth muscle
vasoconstrictor were observed in normotensive subjects, which is likely do to inhibition of
soluble LOXL2. Conversely, acute alterations in smooth muscle vaso-sensitivity were not
observed in the hypertensive group, likely due to pathological changes in vessel structure,
limiting both vasodilator and vasoconstrictor function. Future studies that measure changes in
soluble collagen over time are necessary to determine whether or not functional changes induced
by LOX inhibition are due to structural alterations.

A SNP dose-response protocol was utilized to evaluate smooth muscle-dependent
vasodilation. LOX inhibition did not change vasodilator sensitivity to SNP, as assessed by
LogEC50, in any group. However, there was a main effect for increased absolute vasodilation in
response to SNP with LOX inhibition in the middle-aged normotensive group. These data suggest
microvascular stiffness decreased via reduced collagen cross-linking in the middle-aged
normotensive group. Alterations in vessel responsiveness were not observed in the young group
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suggesting that young healthy subjects have a small degree of collagen cross-linking even without
LOX inhibition. This means there was likely a ceiling effect where LOX inhibition could not
further increase smooth muscle responsiveness in the young subjects. Although seemingly
counterintuitive, hypertensive subjects may require prolonged LOX inhibition to facilitate
changes in pathology-induced upregulated collagen cross-linking due to elevated matrix-bound
LOXL2 expression. These results are encouraging and suggest that with further investigation,
LOX may be a therapeutic target to treat or prevent microvascular remodeling.

A NE dose-response was used to assess smooth muscle-dependent vasoconstrictor
function. Sensitivity to NE was increased with LOX inhibition in both the young and middle-aged
normotensive groups, but not in the essential hypertensive group. There was no change in
maximum NE-induced vasoconstriction (10-2 M) with LOX inhibition in any group. While this
alteration in vascular smooth muscle vasoconstrictor sensitivity may be due to alterations in
collagen cross-linking, a more likely explanation may be the effect LOX inhibition has on
endogenous production of the vasoactive compound, hydrogen peroxide (H2O2). H2O2 is a
byproduct of the LOX catalyzed formation of reactive semialdehydes (Rodriguez et al., 2008)
that can induce vasodilation by acting directly as an EDHF (Feletou and Vanhoutte, 2009), or by
potentiating EDHF-mediated vasodilation by inducing calcium release from the endoplasmic
reticulum of endothelial cells (Edwards et al., 2008). NE-mediated vasoconstriction can be
inhibited by H2O2 (Fujimoto et al., 2003). Therefore, inhibition of LOX may have decreased
endogenous H2O2 production, subsequently augmenting NE-induced cutaneous vasoconstriction.
This effect may not have been observed in the hypertensive group, as men and women with
hypertension exhibit upregulation of numerous pro-vasoconstrictor pathways such as: RhoA/Rho
kinase (Smith et al., 2013), reactive oxygen species (Rush and Ford, 2007), arginase (Holowatz
and Kenney, 2007b), iNOS (Smith et al., 2011), and increased sympathetic nerve activity
(Anderson et al., 1989; Yamada et al., 1989). Elevation of these pro-constrictor pathways likely
nullifies any vasodilatory effect of LOX-derived H2O2.
This study was short-term in nature and examined the acute effects of LOX inhibition. In
animal models, Arem et al. demonstrated that BAPN increased soluble collagen within 6 hours
(Arem et al., 1979). However, soluble collagen was not measured prior to the 6 hour mark, so it is
unknown if BAPN can mediate alterations in collagen cross-linking on a faster time scale. The
data in this study were collected approximately 2-3 hours administering the LOX inhibitor
BAPN, making it difficult to interpret if our results can be attributed to decreased collagen cross-
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linking. It is likely that inhibition of LOX has other non-cross-linking effects that occur over a
much shorter time course. Different physiological roles for LOX are emerging and it has recently
been implicated in having angiogenic, chemotactic, and tumor growth properties (Baker et al.,
2013; Erler and Giaccia, 2006; Kagan and Li, 2003; Kaneda et al., 2004). Greater understanding
of the non-cross-linking effects of LOX may provide more clear explanations for these findings.

In order to determine if the vasoactive effects of LOX inhibition occurred immediately or
accrued over time, a time course experiment was conducted on a subset of 5 participants from the
young group. Relative to LOX-intact measures of SNP-mediated vasodilation and NE-mediated
vasoconstriction, no change in SNP-mediated vasodilation or NE-mediated constriction within
the first 90 minutes of LOX inhibition was observed. This suggests that the effects of LOX
inhibition begin to manifest around 2-3 hours, which concurs with pilot data collected for this
study.

The biggest strength of this study was that it allowed safe investigation of LOX inhibition
in men and women by utilizing intradermal microdialysis. However, and inherent limitation to
this technique is that an index of cutaneous vasodilation had to be utilized as a surrogate measure
for stiffness/structure. More direct measures of cutaneous microvascular structure, such as optical
coherence tomography, are in their infancy (Carter et al., 2016). Further development of
techniques to assess cutaneous microvascular structure will help determine whether or not our
observe effects of LOX inhibition are due to structural changes.

Development of specific antagonists for each member of the LOX family of enzymes
would also improve our understanding of LOX in the vasculature. BAPN is the only available
LOX inhibitor currently approved by the FDA for investigational use in humans (no LOX
inhibitors are approved for therapeutic use in humans). BAPN inhibits LOX and LOXL 1-4. Until
specific LOXL antagonists are developed, we cannot determine if these findings are due to a
specific member, or a generalized effect, of the LOX family of enzymes.

A limitation of this study was the small number of skin tissue samples analyzed.
Differences in both soluble and matrix-bound LOX expression approached, but did not reach,
statistical significance. Increasing the number of samples analyzed would likely indicate that
LOX expression follows the same pattern as LOXL2 (higher matrix-bound and lower soluble in
hypertensive relative to normotensive subjects).
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Conclusion

I found that matrix-bound LOXL2 expression was higher in essential hypertensive men
and women compared to normotensive subjects, suggestive of aberrant collagen cross-linking.
Conversely, soluble LOXL2 expression was lower in hypertensive subjects compared to the
middle-aged normotensive group. This suggests that alterations in smooth muscle function within
the normotensive group were likely due to inhibition of soluble LOXL2. When the LOX family
of enzymes was inhibited, smooth muscle-dependent vasodilation was augmented in the middleaged normotensive group, and smooth muscle-dependent vasoconstrictor sensitivity was
augmented in the young and middle-aged normotensive groups. There was never any change in
smooth muscle function in the essential hypertensive subjects, likely due to elevated collagen
cross-linking/vessel stiffness attenuating smooth muscle function. These data are important for
characterizing LOX/LOXL2 expression and function in men and women and represent a first step
for future research on the LOX family of enzymes in humans.
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Table 4-1. Subject Characteristics (mean ± SE)
Young

Middle-aged

Hypertensive

Sex (M,F)

6,4

5,5

4,6

Age (y)

24 ± 1

50 ± 2†

53 ± 2†

BMI (kg•m-2)

25.0± 1.3

27.3 ± 1.0

27.2 ± 1.4

SBP (mmHg)

117 ± 3

110 ± 2

147 ± 2*†

DBP (mmHg)

70 ± 2

71 ± 1

92 ± 3*†

MAP (mmHg)

87 ± 2

84 ± 2

112 ± 2*†

Total Chol. (mg•dL-1)

162 ± 9

183 ± 6

207 ± 9†

LDL Chol. (mg•dL-1)

84 ± 6

114 ± 5†

124 ± 8†

*P<0.05 compared to middle-aged subjects. †P<0.05 compared to young subjects.

Table 4-2. Baseline CVC at NE microdialysis sites (mean ± SE).
Group

NE

NE+BAPN

p-value

Young

0.225 ± 0.04

0.292 ± 0.06

0.37

Middle-aged

0.150 ± 0.03

0.200 ± 0.05

0.14

Hypertensive

0.123 ± 0.02

0.139 ± 0.02

0.49

Baseline CVC at NE and NE+BAPN microdialysis sites. Pretreatment with BAPN did not alter
baseline CVC.

Table 4-3. Maximum NE-induced vasoconstriction (ΔCVC: mean ± SE).
Group

NE

NE+BAPN

p-value

Young

-0.187 ± 0.05

-0.213 ± 0.06

0.72

Middle-aged

-0.104 ± 0.03

-0.135 ± 0.05

0.27

Hypertensive

-0.093 ± 0.01

-0.103 ± 0.02

0.61

ΔCVC between baseline and 10-2M NE. Maximum vasoconstriction was not altered with LOX
inhibition in any subject group.
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Figure 4-1

Figure 4-1. Representative western blots of extra cellular matrix-bound (SDS soluble) and
soluble (DOC soluble) LOX and LOXL2 expression from skin tissue samples of normotensive
(NTN) and hypertensive (HTN) subjects. GAPDH served as loading control of DOC soluble
samples.
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Figure 4-2

A

B

*
C

D

*

Figure 4-2. Expression of (A) soluble LOX, (B) soluble LOXL2, (C) matrix-bound LOX, and
(D) matrix-bound LOXL2 in skin tissue samples from middle-aged normotensive and essential
hypertensive men and women. * p<0.05 compared to normotensive.
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Figure 4-3
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Figure 4-3. Pharmacological curve modeling for SNP dose-response with (open symbols) and
without (filled symbols) LOX inhibition in young, middle-aged normotensive, and essential
hypertensive groups. LOX inhibition did not alter LogEC50 in any group. There was a main
effect on LOX inhibition on SNP-mediated vasodilation in the middle-aged normotensive group.
* p<0.05 (main effect).
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Figure 4-4
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Figure 4-4. Pharmacological curve modelling of NE-mediated vasoconstriction with (open
symbols) and without (filled symbols) LOX inhibition in young, middle-aged normotensive, and
essential hypertensive subject groups. Sensitivity to NE was augmented in the young, and middleaged normotensive groups, but not the essential hypertensive group. There was a main effect of
LOX inhibition on NE-mediated vasoconstriction in the young and middle-aged normotensive
groups. * p<0.05 (main effect).
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Figure 4-5
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Figure 4-5. Time course data in a subset of subjects from the young group (n=5). LOX inhibition
with BAPN did not alter SNP-mediated vasodilation (10-4 M SNP) or NE-mediated
vasoconstriction (10-7 M NE) at any time point, relative to BAPN-free baseline.
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Chapter 5

BLOOD PRESSURE CONTROL VIA RAS-INHIBITING
PHARMACOTHERAPY IMPROVES ENDOTHELIAL FUNCTION
THROUGH NO-DEPENDENT AND –INDEPENDENT
MECHANISMS
Introduction

Hypertension is a highly prevalent chronic disease that affects over one third of adults
(Nwankwo T, 2013), making high blood pressure a substantial public health problem (Lewington
et al., 2002). Hypertension is associated with deleterious vascular changes, including impaired
endothelial function (Ghiadoni et al., 2001; Muiesan et al., 2001) and increased vascular stiffness
(Bouthier et al., 1985; Hasegawa et al., 1997). These impairments occur across the circulation at a
systemic level (Abularrage et al., 2005; RG et al., 2003; van de Hoef et al., 2014) and likely start
in the microcirculation, preceding detectable dysfunction observed in the large conduit vessels
(Levy et al., 2001b; Rizzoni et al., 2003b). Because hypertension-associated vascular dysfunction
is first apparent in the microvasculature, the microvasculature can be used to examine the
effectiveness of antihypertensive medications.

The human cutaneous microvasculature is an accessible vascular bed that has been
utilized to examine mechanisms underlying microvasculature dysfunction (Farkas et al., 2004;
Holowatz and Kenney, 2007a; Holowatz and Kenney, 2007b; Holowatz et al., 2008; Holowatz et
al., 2006; Smith et al., 2013). Vascular dysfunction in the skin is similar in mechanisms and
magnitude to other nutritive vascular beds including the coronary, cerebral, and renal circulations
(Abularrage et al., 2005; IJzerman et al., 2003; Rossi et al., 2006; Stewart et al., 2004). One
contributing factor to microvascular dysfunction in hypertension is upregulation of inducible
nitric oxide synthase (iNOS). iNOS can impair eNOS-dependent vasodilation and increase
oxidant stress (Smith et al., 2011) by mediating the rapid accumulation of peroxynitrite which
increases oxidant stress and decreases NO-bioavailability (Oliveira-Paula et al., 2014). iNOS also
upregulates the activity of arginase, an enzyme that preferentially utilizes L-arginine, the common
substrate for eNOS (Santhanam et al., 2007a).
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Additionally, minimum vascular resistance, representative of the vasculature’s maximum
ability to dilate and an index of vascular structure, is elevated with hypertension (Folkow et al.,
1958; Stead and Kunkel, 1940; Takeshita and Mark, 1980), suggestive pathological vessel
remodeling. Carberry and colleagues confirmed that minimum vascular resistance is elevated in
the skin of hypertensive subjects (Carberry et al., 1992). Work by Drs. Alexander and Kenney has
subsequently demonstrated that maximum conductance (the inverse of resistance) obtained in
response to the nitric oxide (NO) donor sodium nitroprusside and elevated local skin temperature
(43⁰C) is attenuated in hypertensive men and women compared to age-matched normotensive
controls (Holowatz and Kenney, 2007a; Holowatz and Kenney, 2007b), further suggesting that
pathological vessel remodeling occurs in the cutaneous microvasculature of hypertensive men
and women.

Numerous classes of antihypertensive pharmacotherapies are available to treat high blood
pressure. Some commonly prescribed medications include those targeting the renin-angiotensinsystem (RAS) (angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor
blockers (ARBs)). According to the JNC8 guidelines, ACE inhibitors and ARBs are considered
first line antihypertensive pharmacotherapies (James et al., 2014). Antihypertensive drugs
targeting RAS may have beneficial peripheral vascular effects (Buus et al., 2004; Dahlof and
Hansson, 1993; Mancini et al., 2016; Thybo et al., 1995). RAS specific pharmacotherapy
increases endothelial nitric oxide synthase (eNOS) expression in rodent models (Bachetti et al.,
2001; Fujii et al., 2002), and improves endothelial function in humans (Mancini et al., 1996;
Rizzoni et al., 1997). RAS targeted treatment also improves indices of microvessel structure,
including reversing rarefaction (Dahlof and Hansson, 1993; Higuchi et al., 2007; Thybo et al.,
1995; Toyama et al., 2012; Unger et al., 1992).

Whether antihypertensive pharmacotherapy alters iNOS function and human cutaneous
microvascular endothelial and smooth muscle function is currently unknown. Antihypertensive
pharmacotherapies my alter iNOS expression (Palaniyappan et al., 2009; Zhuo et al., 2002);
however whether iNOS expression is augmented or attenuated is equivocal. Systemic ACE
inhibitor treatment with perindopril increased iNOS expression in human vascular smooth muscle
cells (Zhuo et al., 2002); whereas treatment with the ARB candesartan normalized iNOS protein
expression (Palaniyappan et al., 2009). These contrasting findings may be due to differing
methodologies and hypertensive models. It is unknown if blood pressure normalization via ACE
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inhibitor/ARB pharmacotherapy alters iNOS function and attenuates microvascular dysfunction
in humans with essential hypertension.

The purpose of this study was to determine if blood pressure control with
pharmacotherapy improved cutaneous microvascular endothelial function and/or maximum
cutaneous vascular conductance, an index of cutaneous microvascular structure. I further sought
to determine if alterations in NO-bioavailability or iNOS were associated with changes in
endothelial function. A subject group treated with the common first-line pharmacotherapies of
ACE inhibitors or ARBs was chosen as these treatments have demonstrated beneficial effects on
the endothelium in other models of hypertension (Potenza et al., 2006; Rodrigo et al., 1997) and
in other vascular beds (Mancini et al., 1996; Naya et al., 2007; Pasini et al., 2007). I hypothesized
that blood pressure normalization with ACE inhibitor or ARB antihypertensive pharmacotherapy
would improve cutaneous microvascular function through endothelial NO-dependent mechanisms
and by limiting iNOS-mediated dysfunction. I also hypothesized that maximum cutaneous
vascular conductance, an index of cutaneous microvascular structure, would not be changed with
this treatment.

Materials and Methods

Subjects
Experimental procedures were approved by the institutional review board at The
Pennsylvania State University and conformed to the Declaration of Helsinki. Verbal and written
consent were voluntarily obtained from all subjects before participation. Subject characteristics
are presented in table 5-1. Groups consisted of 12 essential hypertensive subjects naïve to
pharmacotherapy, 12 medicated hypertensive subjects with clinically controlled blood pressure,
and 15 normotensive control subjects. Subjects were classified by JNC VIII blood pressure
guidelines (James et al., 2014). Blood pressure status was confirmed, and white-coat hypertension
ruled out, through use of a 24-hour ambulatory blood pressure monitor (Ambulo 2400, Mortara
Industries) that measured blood pressure once every hour. Due to the inclusion of sleeping hours,
blood pressure measured via 24-hours monitors is lower than seated blood pressure
measurements. Therefore, data from the ambulatory monitor confirmed hypertensive status if
average SBP was ≥130 mmHg and/or DBP was ≥80 mmHg (Hypertension, 2013). Subjects
underwent a complete medical screening that included blood chemistry, HbA1C, lipid analysis,
heart rate, medical history, anthropometrics, and resting ECG. Medicated hypertensive subjects
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were all taking mono- or poly-pharmacotherapy to treat hypertension and had been taking the
same therapeutic regimen for a minimum of 3 months (average duration of treatment: 6 ± 2
years). All medicated subjects were taking at least one medication that influenced the RAS. The
different antihypertensive drugs utilized by the subjects are presented in table 5-2. Of those taking
multiple antihypertensive medications, three were co-prescribed diuretics, which do not alter
endothelial function or vessel structure (Dorresteijn et al., 2013; Levy et al., 2001b). The final
subject was co-prescribed a calcium channel blocker, which has been shown to exert effects on
the endothelium (Hayashi et al., 2014). Unmedicated essential hypertensive and normotensive
control subjects were not taking any antihypertensive medications. All subjects were free of
other, non-antihypertensive medications which could alter blood flow. All subjects were
generally healthy except for the presence of hypertension.

Microdialysis Procedures

Acetylcholine Dose-Response Protocol
The purpose of the Acetylcholine (ACh) dose-response protocol was to
pharmacologically induce endothelium-dependent vasodilation (Holowatz et al., 2005; Kellogg et
al., 2008). All experiments were performed in a thermoneutral laboratory with the subject in a
semi-supine position and the experimental arm at heart level. Three microdialysis fibers (10 mm,
20kDa cutoff membrane, MD 2000; Bioanalytical Systems) were placed in the forearm skin as
previously described (Holowatz and Kenney, 2007a). Fibers were perfused with either lactated
Ringer’s, a physiological saline to serve as control, 20mM L-NAME (NG-nitro-L-arginine methyl
ester, CalBiochem), a non-specific NOS antagonist, or 0.1mM 1400w (N-(3(Aminomehtyl)benzyl)acetamidine, AG Scientific) to selectively inhibit iNOS (Garvey et al.,
1997; Santhanam et al., 2007a). All substances perfused through the microdialysis fibers were
mixed immediately before use and sterilized with a syringe microfilter (0.2μm pore size,
Acrodisc). All substances were perfused at a rate of 2μL•min-1 (Bioanalytical Systems Beehive
and Baby Bee microinfusion pumps). After abatement of initial insertion trauma (60-90 minutes),
local heaters (Moor Instruments) were placed over each microdialysis site and skin temperature
was clamped at 33°C. A laser Doppler flow probe (Moor Instruments) was placed into each
heater to measure red blood cell flux, a relative index of skin blood flow. Blood pressure was
measured every 5 minutes throughout the protocol via brachial auscultation (Cardiocap/5,
General Electric). After stable baseline (20 min), seven increasing concentrations of ACh (0.01,
0.1, 1, 5, 10, 50, 100mM) were perfused through the microdialysis fibers in 5 minute increments.
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Each dose of ACh was mixed with the appropriate NOS inhibitor (L-NAME, 1400w) or lactated
Ringer’s to serve as a control. After completion of the ACh dose-response, the temperature of the
local heaters was increased to 43°C and 28mM SNP (sodium nitroprusside, U.S. Pharmacopia), a
NO donor, was perfused through the fibers at a rate of 4μL•min-1 to achieve maximal cutaneous
vasodilation (Holowatz et al., 2005; Smith et al., 2011).

Local Heating Protocol
The purpose of the local heating protocol was to quantify endothelium-dependent
vasodilation to a physiological stimulus (Bruning et al., 2012; Johnson and Kellogg, 2010). Two
microdialysis fibers were placed in the skin of the forearm. One fiber was perfused with lactated
Ringer’s solution (control) and the other with 0.1mM 1400w to selectively inhibit iNOS.
Substances were perfused through the fibers at a rate of 2μL•min-1. After abatement of initial
insertion trauma (60-90 minutes), local heaters were placed over each microdialysis site and skin
temperature was clamped at 33°C. A laser Doppler probe was placed into each heater to measure
red blood cell flux. Blood pressure was measured every 5 minutes throughout the protocol via
brachial auscultation. Stable baseline flux was measured (20 min); local temperature was then
increased at a rate of 0.5°C every 5 seconds to a temperature of 42°C. This protocol has been
used extensively to examine physiologically-induced eNOS-dependent vasodilation (Bruning et
al., 2012; Kellogg et al., 2009; Smith et al., 2011). Red cell flux was measured until a stable
plateau had been reached (approximately 40 minutes), at which point 20mM L-NAME (nonspecific NOS antagonist) was perfused through both microdialysis fibers to quantify the
contribution of NOS-derived NO to local heat-induced vasodilation. After a new post-L-NAME
plateau was obtained, the local heater temperature was increased to 43°C and 28mM SNP was
perfused through the fibers at a rate of 4μL•min-1 to obtain maximal cutaneous vasodilation.
Data Analytical Approach
Red cell flux data were digitized at 40 Hz, recorded, and stored for offline analysis using
Windaq software and a Dataq data acquisition system (Windaq: Dataq Instruments). For ACh
dose-response data, skin blood flow was averaged over 2 minute segments of stable blood flux
after each dose of ACh was perfused. For local heating data, red cell flux was averaged over
stable 10 minute segments during the local heating plateau, post-L-NAME plateau, and SNPinduced maximal vasodilation. NO-dependent vasodilation was calculated from local heating data
as vasodilation following local heating (42⁰C) minus vasodilation following NOS inhibition with
L-NAME. In both protocols cutaneous vascular conductance (CVC: red cell flux•MAP-1) was
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calculated and data were normalized to a percentage of maximum CVC (%CVCmax) obtained
during 28mM SNP perfusion/43⁰C heating.

All statistical analysis was conducted with SAS 9.3 software. A one-way ANOVA was
used to compare physical characteristics between subject groups. There was no effect of localized
drug treatment on absolute maximal CVC data obtained from 28mM SNP/43⁰C heating (p=0.59),
therefore maximal CVC data form the microdialysis sites were pooled by group and analyzed
with a one-way ANOVA. Because group differences in maximal CVC were apparent, all data are
presented as both absolute CVC and %CVCmax. A 3-way, mixed model, repeated-measures
ANOVA (group*pharmacological site*ACh dose or local heating phase) was used to examine
group, site, and dose or phase differences. Tukey’s multiple comparisons tests were used for
specific planned comparisons. Significance was set at α=0.05. Results are presented as mean±SE.
Results

Subject characteristics are presented in table 5-1. By design, subjects were well matched
for characteristics other than blood pressure. SBP, DBP, and MAP were all significantly higher in
the hypertensive group compared to both the normotensive and medicated groups (all p<0.001).
Though still in the normal clinical range, SBP was slightly higher in the medicated group
compared to the normotensive group (p=0.01).

Acetylcholine Dose-Response
Figure 5-1 illustrates the ACh dose-response data for all three groups in each local
treatment site expressed as both %CVCmax (Panel A) and absolute CVC (Panel B). At the control
site %CVCmax was attenuated in the hypertensive group compared to the normotensive and
medicated groups at all ACh doses ≥ 0.1mM (all p<0.05). Further, there was no difference in
%CVCmax at the control site between the normotensive and medicated groups. Similarly, absolute
CVC was also attenuated in the hypertensive group with all ACh doses ≥ 0.1mM compared to the
normotensive group at control (all p<0.05). However, absolute CVC was attenuated in the
medicated group compared to the normotensive group at ACh doses 1-10mM (all p<0.05).

During NOS inhibition (L-NAME), %CVCmax was higher in the hypertensive (ACh doses
5-100mM) and medicated (ACh doses 0.1-10mM) groups compared to the normotensive group
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(all p<0.05). Absolute CVC, was lower in the medicated group compared to hypertensive group
at 50mM ACh (p=0.01).

There were no differences in %CVCmax with iNOS inhibition. Absolute CVC was
attenuated in the hypertensive (ACh doses 0.1-50mM) and medicated (ACh doses 0.1-100mM)
groups compared to the normotensive group (all p<0.05).

Local heating
Figure 5-2a. depicts local heating data, expressed as %CVCmax, for all three subject
groups at the control site. %CVCmax was attenuated in the hypertensive group compared to the
normotensive group (hypertensive: 84.0±1.6 %CVCmax, normotensive: 93.7±1.2 %CVCmax;
p<0.001). %CVCmax in the medicated group did not differ from either the hypertensive (p=0.44)
or control groups (89.6±1.7 %CVCmax; p=0.06). NO-dependent vasodilation was similar among
all groups (p> 0.05). Figure 5-2b. depicts local heating skin blood flow data expressed as
absolute CVC. No significant differences in CVC were observed at the local heating plateau in
the hypertensive (hypertensive: 1.48±0.13 flux•mmHg-1, normotensive: 1.71±0.23 flux•mmHg-1;
p=0.06) or medicated (1.38±0.18 flux•mmHg-1; p=0.08) groups compared to the normotensive
group.

Figure 5-2c. depicts local heating data with iNOS inhibition expressed as %CVCmax.
%CVCmax at the local heating plateau was not different among the groups (hypertensive: 87.5±2.
%CVCmax, normotensive: 92.7±1.6 %CVCmax; p=0.31, medicated 86.7±2.0 %CVCmax; p=0.30).
There were no differences in NO-dependent vasodilation between the normotensive and
hypertensive (p=0.24), or normotensive and medicated (p=0.16) groups. However, NO-dependent
vasodilation was reduced in the medicated group compared to the hypertensive group (p=0.02).
Figure 5-2d. depicts local heating data for the iNOS inhibited site expressed as CVC. Compared
to normotensive subjects, the local heating plateau was reduced in the hypertensive group
(hypertensive: 1.40±0.18 flux•mmHg-1, normotensive: 1.76±0.19 flux•mmHg-1; p=0.01), but not
medicated group (1.55±0.29 flux•mmHg-1; p=0.14). NO-dependent vasodilation did not differ
between groups (all p>0.05).

Maximum CVC
Figure 5-3. shows maximal CVC data obtained during local heating (43⁰C) and perfusion
of 28mM SNP. Because there were no differences with individual localized microdialysis
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treatment, data are pooled from each microdialysis site within each group. Maximal CVC was
attenuated in both the hypertensive (hypertensive 1.52 ± 0.06 flux•mmHg-1; p=0.014) and
medicated (1.48 ± 0.06 flux•mmHg-1; p=0.004) groups compared to the normotensive group
(normotensive 1.76 ± 0.06 flux•mmHg-1).

Discussion

The principal finding of this study was that antihypertensive pharmacotherapy that
includes and ACE inhibitor or ARB modestly improves cutaneous microvascular function
through endothelium-dependent mechanisms, potentially involving a reduction in iNOS-mediated
dysfunction. However, in a cohort with well controlled blood pressure to clinically appropriate
levels, treatment did not improve maximal vasodilator responsiveness, which is considered an
index of microvascular structure. Taken together, these data suggest that antihypertensive
medications exert positive effects on peripheral vascular endothelium, but do not affect indices of
vessel remodeling in the cutaneous microcirculation.

In humans with elevated blood pressure, endothelial dysfunction and microvascular
remodeling are present and detectable in the cutaneous microvasculature (Holowatz and Kenney,
2007a) (Holowatz and Kenney, 2007b). This is in-part through increased expression of iNOS
(Hong et al., 2000; Kumar et al., 2005; Smith et al., 2011). Upregulation of iNOS produces large
quantities of NO, which is rapidly converted into peroxynitrite (Hong et al., 2000) and contributes
to the high oxidant environment characteristic of the vasculature in hypertensive patients.
Furthermore, upregulated iNOS increases arginase activity, which competes with eNOS for the
common substrate L-arginine, thereby decreasing NO bioavailability (Santhanam et al., 2007a).
Together, elevated arginase and peroxynitrite limit NO production, leading to vascular
endothelial dysfunction. These data, and others, demonstrate that inhibition of iNOS improves
endothelial function in the cutaneous microvasculature of hypertensive men and women (Smith et
al., 2011).

iNOS is upregulated by angiotensin II acting on angiotensin 1 receptors (Matsui et al.,
2004). Therefore, pharmacotherapy with effects on the RAS may reduce iNOS expression and
restore endothelial function by increasing NO bioavailability. Our data show that when blood
pressure is controlled with treatment that includes either an ACE inhibitor or ARB, vasodilation
in response to the endothelium-dependent agonist ACh is improved. The augmented vasodilator
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response to ACh may have involved changes in iNOS-mediated dysfunction, as inhibition of
iNOS did not augment vasodilation in the medicated group.

There were only modest differences in the ACh dose-response (CVC: ACh doses 110mM), or local heating plateau, between normotensive and medicated groups at the control site.
This suggests that blood pressure normalization with pharmacotherapy can improve endothelial
function. Interestingly, when the contribution of NOS-derived NO to ACh-mediated vasodilation
was blocked with L-NAME, vasodilation was attenuated to a greater degree in the normotensive
group compared to the medicated group. This indicates there was greater NO-bioavailability in
the normotensive group, suggesting that the improvement in endothelial function that occured
with ACE inhibitor/ARB pharmacotherapy-mediated blood pressure normalization involved both
NO and non-NO-dependent mechanisms.

While there were differences in the ACh dose response among the groups, there were
minimal differences in the local heating response. These disparate results are likely due to
different mechanisms mediating the increase in skin blood flow to each stimulus. Local heating is
predominantly mediated by eNOS-derived NO (Bruning et al., 2012), with the remainder
attributed to endothelium-derived hyperpolarizing factors (EDHFs) (Brunt and Minson, 2012b).
The mechanisms underlying ACh-mediated vasodilation differ depending on the protocol
employed and potentially the dose of ACh (Brunt et al., 2015). ACh induces vasodilation through
NO and prostanoids/cyclooxygenase (COX)-dependent mechanisms (Kellogg et al., 2005;
Medow et al., 2008). However, the contribution of NO to ACh-mediated vasodilation is
relatively less than the NO contribution to local heat-induced vasodilation It is possible that ACE
inhibitor/ARB antihypertensive pharmacotherapy increased both NO- and COX-dependent
mechanisms, with the augmentation in COX only apparent during the ACh dose-response. There
is evidence that ACE-inhibitors can increase COX-mediated vasodilation in the skin (Warren and
Loi, 1995). This study did not utilize any specific COX inhibitors, but an increase in non-NO
endothelium-dependent vasodilation was observed in the medicated group. Regardless of the
specific mechanisms, both ACh and local heating induce vasodilation that is predominantly
endothelium-dependent. Collectively, attenuated vasodilation in response to both ACh and local
heating was apparent in the hypertensive group, but not the medicated group, suggesting that
blood pressure control through ACE inhibitor or ARB pharmacotherapy improved endothelial
function through both NO-dependent and NO-independent mechanism(s).
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Hypertension is not only associated with endothelial dysfunction, but also with
pathological vessel remodeling, which is evident in the cutaneous microcirculation. Examination
with nail fold capillaroscopy shows decreased capillary density in the skin of hypertensive men
and women (Antonios et al., 1999a; Antonios et al., 1999b; Serne et al., 2001). Minimum
vascular resistance (or maximum conductance) is also indicative of vessel structure (Rosei et al.,
1995). The data presented here show that maximal CVC, obtained through perfusion of SNP and
simultaneous local heating, is attenuated in hypertensive men and women. Medicated subjects
also exhibited attenuated maximal CVC compared to the normotensive group. Together, these
data suggest that hypertension induces pathological vessel remodeling in the microvasculature,
and that blood pressure normalization with ACE inhibitor or ARB pharmacotherapy did not alter
this index of microvessel structure in the cutaneous vascular bed. This index of maximal
vasodilator capacity, when considered with the accompanying functional data, show that blood
pressure normalization with pharmacotherapy that includes and ACE inhibitor or ARB improved
endothelial function, albeit within a narrowed structural limit.

These findings, which indicate no structural alteration occurred with blood pressure
normalization are inconsistent with other published findings (De Ciuceis et al., 2014; Rizzoni et
al., 1997; Shargorodsky et al., 2002), likely due to the different vessels examined and methods
used to determine vessel structure. Currently, technology is in its infancy for direct measurements
of cutaneous microvessel structure (Carter et al., 2016) outside of the nail fold. No studies have
been performed to directly measure cutaneous microvascular diameter in hypertensive subjects.
Instead, maximum conductance, achieved in response to high doses of SNP and simultaneous
local heating, was utilized as an index of vessel structure. Further research is warranted to
elucidate the changes in cutaneous microvascular structure with ACE inhibitor/ARB
pharmacotherapy.

These data show that endothelial function is improved with ACE inhibitor/ARB-mediated
blood pressure normalization. Endothelial dysfunction is a hallmark of hypertension and many
other chronic diseases (Abularrage et al., 2005). Determining the mechanisms through which
controlling hypertension may restore endothelial function could lead to new treatments not only
for hypertension, but for other pathologies involving vascular dysfunction. All medicated subjects
in this study took one medication that influenced the RAS. Numerous putative mechanisms for
the pleotropic effects of RAS inhibition exist, such as increased ACE2/Ang 1-7 (Zimmerman et
al., 2014), increased Ac-SDKP/decreased lysyl oxidase (Gonzalez et al., 2014), and increased
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bradykinin (Gauthier et al., 2013). Further investigation into these signaling pathways will allow
greater understanding of chronic disease progression and help tailor targeted treatments.

The main limitation of this study is that the findings cannot be fully attributed to either
RAS-inhibiting pharmacotherapy or blood pressure normalization alone. However, this subject
pool, with blood pressure controlled through pharmacotherapy represents a clinically valid and
real-world subject pool.

Conclusion

Controlling blood pressure with ACE inhibitor or ARB antihypertensive medications
improved microvascular endothelial function, but not structure, in men and women with essential
hypertension. This augmentation in endothelial function occurred through both NO-dependent
and NO-independent mechanisms. A reduction in iNOS may mediate some of this effect. These
data confirm that blood pressure normalization with ACE inhibitor or ARB antihypertensive
pharmacotherapy elicits vascular benefits, and extends this understanding to include the
cutaneous microvasculature.
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Table 5-1. Subject characteristics

Normotensive

Hypertensive

Medicated

Sex (M,F)

5, 10

9, 3

5, 7

Age (y)

52±1

57±3

57±2*

BMI (kg•m-2)

25 ± 1

27±1

27±1

SBP (mmHg)

111±2

142±2*

120±2*‡

DBP (mmHg)

74±2

92±1*

77±1‡

MAP (mmHg)

86±2

109±1*

91±1‡

LDL (mg•dL-1)

115±5

107±5

113±6

61±4

58±4

61±6

-1

HDL (mg•dL )

*p<0.05 compared to normotensive group; ‡p<0.05 compared to hypertensive group

Table 5-2. Medicated subject pharmacotherapy.
Medication

N

ACE Inhibitor

7

ARB

1

ACE Inhibitor + Diuretic

3

ACE Inhibitor + Calcium Channel Blocker

1

Number of medicated hypertensive subjects receiving each class of mono- or poly-therapy.

63

Figure 5-1

Figure 5-1 ACh dose-response data expressed as %CVCmax (panel A) and absolute CVC (panel B) for normotensive (circles), hypertensive
(squares), and medicated (triangles) groups. * P<0.05 difference between normotensive and hypertensive subjects. † p<0.05 difference between
hypertensive and medicated subjects. ‡ p<0.05 difference between normotensive and medicated subjects.
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Figure 5-2

†

*
51±5

44±4

0.9±0.2
0.8±0.1

39±6

0.6±0.1

45±4

0.8±0.1

36±4

51±4

*

0.6±0.1
0.8±0.1

Figure 5-2. Cutaneous vasodilation in response to local heating (42⁰C: black bars) and NOinhibition (grey bars) in all three groups in control (panels A and B) and iNOS-inhibited (panels
C and D) microdialysis sites. NO-dependent dilation is presented as the difference in vasodilation
between local heating and L-NAME plateaus. Data are expressed as %CVCmax and absolute CVC
* p<0.05 compared to normotensive group. † p<0.05 compared to hypertensive group.
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Figure 5-3

Figure 5-3. Maximum vasodilation pooled from all microdialysis sites for normotensive (black
bars), essential hypertensive (grey bars), and medicated hypertensive (white bars) subjects. This
represents an index of microvascular structure. Maximum vasodilation was significantly
attenuated in the essential hypertensive and medicated hypertensive groups when compared to
normotensive subjects. * p<0.05 compared to normotensive.
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Chapter 6
CONCLUSION AND FUTURE DIRECTIONS

The three studies comprising this dissertation utilized the cutaneous microvasculature to
examine potential therapeutic targets for the treatment of microvascular dysfunction in men and
women with essential hypertension. Specifically, these studies (1) examined the efficacy of
menthol to act as a vasodilator in essential hypertensive subjects who likely exhibit alterations in
TRPM8 channels and attenuated downstream vasodilator mechanisms, (2) measured lysyl
oxidase expression in skin and determined the effects of acute inhibition of lysyl oxidase on
microvascular smooth muscle vasoconstrictor and vasodilator function, and (3) examined whether
blood pressure control with specific antihypertensive pharmacotherapies altered microvascular
function and structure. The aim of this chapter is to summarize the findings from each study and
to discuss future research directions that emerged from each study. The goal is that these future
directions will help others continue to improve our understanding of hypertension-associated
microvascular dysfunction and help further delineate potential therapeutic targets.

Menthol-Induced Cutaneous Vasodilation is Preserved in Essential Hypertensive
Men and Women

The main findings from this study were that (1) menthol induced a similar degree of
vasodilation in the cutaneous microvasculature of normotensive and essential hypertensive men
and women, and (2) menthol-induced vasodilation acts through multiple vasodilator pathways.
The data also suggest that essential hypertensive men and women have a relative loss of
redundant vasodilator systems, i.e., they are unable to induce the same degree of vasodilation in
response to menthol as normotensive subjects when a single vasodilator pathway is inhibited. In
the control site, menthol at concentrations of ≥ 100mM induced a similar magnitude of
vasodilation in both the normotensive and hypertensive subjects. When EDHFs were inhibited
with TEA, vasodilation was not apparent at any menthol dose in either subject group, consistent
with our prior report that menthol-induced vasodilation is largely EDHF-dependent (Craighead
and Alexander, 2016). When NO production was inhibited, menthol induced vasodilation at doses
≥100mM in the normotensive group, but did not cause vasodilation in the essential hypertensive
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group. Similarly, when sensory nerves were inhibited, 250mM menthol induced vasodilation in
the normotensive group, but menthol did not cause vasodilation in the hypertensive group.
Together, these data suggest that menthol can induce vasodilation in men and women with
essential hypertension; however, hypertensive men and women have attenuated redundant
vasodilator systems and inhibition of one vasodilator pathway attenuates menthol-induced
vasodilation in this group.

Implications

Due to its safety, availability, and ability to induce vasodilation in animal models and
healthy humans, menthol is a candidate to be developed as a nutraceutical to be incorporated in
the treatment of hypertension. However, attenuated endothelial function and alterations in
TRPM8 expression raised concerns about menthol’s therapeutic efficacy in hypertensive men and
women. The finding that menthol can induce vasodilation in hypertensive men and women
supports progressing research on the vasodilatory/antihypertensive effects of menthol into acute
and chronic systemic intervention studies.

Endothelial dysfunction, including decreased NO-bioavailability (Howitt et al., 2013) and
upregulation of vasoconstrictor pathways (i.e. endothelin-1, angiotensin II) (Nguyen Dinh Cat
and Touyz, 2011; Wirth et al., 2016), leads to increased vasoconstrictor tone, which can increase
systemic blood pressure by increasing total peripheral resistance. The mechanisms of action of
many successful antihypertensive pharmacotherapies (ACE inhibitors, ARBs, calcium channel
blockers) involve decreasing total peripheral resistance. The data presented here suggest that
menthol can induce vasodilation, supporting the hypothesis that systemic treatment with menthol
could potentially decrease total peripheral resistance. Menthol acts on the TRPM8 channel, a nonselective cation channel that allows cation influx into the vascular smooth muscle and
endothelium. Due to the non-specific nature of the TRPM8 channel, there are many potential
mechanisms of action through which menthol can induce vasodilation (Zholos et al., 2011).
Menthol works through multiple vasodilator pathways, which could be beneficial in improving
hypertension-induced microvascular dysfunction. Multiple vasodilator pathways exhibit
dysfunction with hypertension (Holowatz and Kenney, 2007a; Li et al., 2007; Mori et al., 2006);
menthol’s multi-targeted effects increase the likelihood of acting on an available vasodilator
system in a hypertensive patient. In summary, the present study provides evidence the
vasodilatory actions of menthol are not attenuated in essential hypertensive men and women.
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Future directions

1) I demonstrated that menthol can induce local vasodilation in hypertensive men and
women. A logical next step would be to perform acute and chronic systemic intervention studies
with orally-administered menthol. Measuring blood pressure as well as changes in vasodilator
and vasoconstrictor pathways pre- and post-supplementation would confirm or rule out menthol’s
efficacy as a nutraceutical. This systemic intervention could also be done in medicated
hypertensive subjects. A blinded, cross-over, placebo-controlled study with oral menthol
supplementation in medicated hypertensive subjects would determine whether menthol improves
blood pressure and vascular outcomes in pharmacologically treated hypertensive patients.

2) This study examined the interaction between menthol and common vasodilator
pathways. However, menthol may also attenuate vasoconstriction through inhibition of
RhoA/Rho kinase, as demonstrated in animal models (Sun et al., 2014b). Whether this anticonstrictor property exists in humans has yet to be determined. The human cutaneous
microvasculature is an appropriate vascular bed to assess RhoA/Rho kinase mediated
vasoconstriction as both physiological (locally cooling the skin) and pharmacological (U46619)
agonists for RhoA/Rho kinase-mediated constriction are available. RhoA/Rho kinase-mediated
constriction is upregulated in hypertension (Smith et al., 2013) and leads to a loss of NOdependent vasodilation making, it another potential therapeutic target for the treatment of
microvascular dysfunction in hypertension.

3) While menthol is often considered a specific TRMP8 channel agonist, it can weakly
interact with other members of the TRP superfamily. Specifically, menthol can activate TRPV3
channels and inactivate TRPA1 channels (Macpherson et al., 2006b; Vogt-Eisele et al., 2007). It
is important to determine whether menthol-induced vasodilation is (in whole or in part)
determined by TRP channels other than TRPM8 as this could help uncover more effective
vasodilatory agonists. For example, camphor is a more potent agonist for TRPV3 channels than
menthol. If TRPV3 is involved in menthol-induced vasodilation then a combination of TRPM8
and TRPV3 agonists may demonstrate improved efficacy in inducing vasodilation.

4) TRPM8 is down-regulated in animal models of hypertension (Liu et al., 2013b),
however it is unknown whether this same down-regulation is apparent in men and women with
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essential hypertension. Evaluation of tissue samples for TRPM8 expression (and TRPV3 and
TRPA1 expression) would help elucidate whether alteration of TRP channel expression occurs in
humans with hypertension.

Role of Lysyl Oxidase in Cutaneous Microvascular Function in Humans

The primary findings from this study were that (1) matrix-bound LOXL2 expression was
higher in hypertensive subjects than normotensive controls, (2) soluble LOXL2 expression was
lower in hypertensive subjects than normotensive controls, (3) acute inhibition of the lysyl
oxidase family of enzymes augmented cutaneous vasoconstriction is response to NE in young and
middle-aged normotensive, but not hypertensive, men and women, and (4) smooth muscledependent vasodilation in response to SNP was augmented in middle-aged normotensive, but not
young or hypertensive men and women, with acute inhibition of the lysyl oxidase family of
enzymes. In an accompanying time-course experiment it was determined that changes in smooth
muscle vaso-sensitivity mediated by lysyl oxidase inhibition do not occur during the first 90
minutes of lysyl oxidase inhibition.

Implications

Lysyl oxidase is upregulated in animal models (Eberson et al., 2015; Gonzalez et al.,
2014), and humans (Lopez et al., 2009), with cardiovascular diseases. In animal models,
normalizing lysyl oxidase expression is a viable avenue for improving cardiac function and
vascular structure (Eberson et al., 2015). However, dangers associated with prolonged inhibition
of the lysyl oxidase family of enzymes (i.e. endothelial dysfunction, aortic dissection) have
prevented translation of the lysyl oxidase research into humans; thus the vascular effects of lysyl
oxidase inhibition in men and women are unknown. This study utilized intradermal microdialysis
to facilitate acute, localized lysyl oxidase inhibition in order to elucidate lysyl oxidase
contributions to vascular function in young, middle-aged normotensive, and age-matched
hypertensive men and women. I found that matrix-bound LOXL2 is upregulated in men and
women with hypertension. This increase in matrix-bound LOXL2 likely contributes to the
increased vascular stiffness associated with hypertension. Inhibition of lysyl oxidase had acute
effects on microvascular function (increased smooth muscle vasoreactivity) in normotensive, but
not in hypertensive men and women, likely by inhibiting soluble LOXL2, which had greater
expression in normotensive subjects. This represents a first foray into human lysyl oxidase
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research. Future research can focus on examining the effects of prolonged lysyl oxidase family
inhibition in localized areas of the cutaneous microvasculature.

Future directions

1) The data presented here suggest that the lysyl oxidase family of enzymes attenuates
NE-mediated vasoconstriction in healthy subjects. Hydrogen peroxide is a product of the
enzymatic reaction mediated by lysyl oxidase. Lysyl oxidase-derived hydrogen peroxide may be
physiologically important (Kagan and Li, 2003) because it can attenuate NE-mediated
vasoconstriction (Fujimoto et al., 2001; Gao et al., 1994). However, hydrogen peroxide can also
assume other vasoactive roles, such as acting as an EDHF (Feletou and Vanhoutte, 2009) or
increasing oxidant stress (Breton-Romero and Lamas, 2014). It is important to determine whether
lysyl oxidase-derived hydrogen peroxide is physiologically active and meaningful to
vasoconstrictor function when considering whether lysyl oxidase is a potential therapeutic target
in humans.

2) This study demonstrated the acute effects of lysyl oxidase inhibition. BAPN treatment
has been shown to increase soluble collagen within six hours in animal models (Arem et al.,
1979). However, due to the slow turnover rate of collagen (Rucklidge et al., 1992), it remains
likely that many of the observed effects were due to functional alterations, not structural changes
in collagen and elastin fiber formation. Future studies should focus on prolonging the duration of
lysyl oxidase inhibition to more fully elucidate potential effects of changing collagen crosslinking. Though current inhibitors do not allow for systemic inhibition of lysyl oxidase,
prolonged, localized topical treatment with BAPN, paired with either serial microdialysis
examinations or structural evaluation (e.g., with optical coherence tomography), would allow safe
examination of longer-duration lysyl oxidase inhibition in human models.

3) Currently available pharmacological treatments for hypertension may inhibit lysyl
oxidase. In the body, lysyl oxidase is naturally inhibited by Ac-SDKP, a bioactive tetrapeptide.
Ac-SDKP is cleaved by ACE, rendering the former inactive (Gonzalez et al., 2014).
Pharmacotherapy with ACE inhibitors prevents Ac-SDKP deactivation and increases plasma AcSDKP (Mnguni et al., 2015), which may downregulate lysyl oxidase to help improve
microvascular structure. This has been demonstrated in animal models (Gonzalez et al., 2014),
but the potential effects on the microvasculature and in humans remain unexamined. When
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considering the results of the present antihypertensive pharmacotherapy study, it appears that
ACE inhibitors on their own do not fully normalize cutaneous microvascular structure. This could
mean that ACE inhibitor treatment does not correct structural maladaptations induced by
upregulated lysyl oxidase. Alternatively, other structural change, such as smooth muscle
hypertrophy and increased collagen content, may still be present even when lysyl oxidase is
normalized. Additional research is needed to delineate the role of ACE inhibitors in treating
patients with upregulated lysyl oxidase expression.

4) This study was preclinical in nature. Many steps need to be taken to progress to the
point where lysyl oxidase inhibition can be utilized therapeutically. Along with the specific next
research step given in future direction number 2, further next steps include: better characterization
of lysyl oxidase and LOXL 1-4 expression in the systemic vasculature; development of specific
inhibitors for each member of the lysyl oxidase family (i.e. lysyl oxidase and LOXL 1-4) that
target extracellular matrix-bound forms of these enzymes; and most importantly, determination of
effective therapeutic doses for lysyl oxidase inhibitors that successfully results in collagen unlinking but does not increase risk of aneurysm.

Blood Pressure Control via RAS-inhibiting Pharmacotherapy Improves Endothelial
Function through NO-dependent and –independent Mechanisms

The primary findings of this study were that (1) endothelial function is attenuated in
uncontrolled essential hypertensive, but not medicated hypertensive men and women whose
blood pressure has been normalized with RAS-inhibiting antihypertensive pharmacotherapy, (2)
the augmentation in endothelial function with medication had both NO-dependent and NOindependent components, and (3) maximal vasodilator capacity is attenuated in the cutaneous
microvasculature of medicated and unmedicated hypertensive subjects. In response to increasing
ACh doses, %CVCmax in the medicated subjects was unchanged relative to normotensive controls.
However, the medicated group experienced a smaller attenuation in vasodilation in than the
normotensive group when NOS was antagonized with L-NAME. This suggests that medicated
subjects have a reduced contribution of NO to ACh-mediated vasodilation relative to
normotensive subjects. However, medicated subjects demonstrated attenuated vasodilation when
data were presented as absolute CVC due to a reduced maximal vasodilator capacity. Local heatinduced vasodilation showed similar trends to the ACh findings. With local heating, vasodilation
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was attenuated in the hypertensive group, but not medicated group, when data were expressed as
%CVCmax; however, when expressed as absolute CVC, vasodilation was not attenuated in either
the hypertensive (p=0.06) or medicated groups (p=0.08) relative to the normotensive group.
Together these findings suggest that men and women who achieve blood pressure control with
first-line antihypertensive pharmacotherapies, such as ACE inhibitors and ARBs, present with
improved microvascular endothelial function within a reduced structural window.

Implications

These findings that blood pressure control with ACE inhibitor/ARB antihypertensive
pharmacotherapy improved endothelial function via NO-dependent and –independent
mechanisms complement findings utilizing other hypertensive models and vascular beds (Goto et
al., 2000; Higashi et al., 2001; More et al., 2015; Taddei et al., 1998). Endothelial dysfunction
contributes to development of cardiovascular disease in men and women with hypertension. The
observed beneficial effects on microvascular endothelial function helps confirm the pleiotropic
effects of blood pressure normalization with pharmacotherapy that includes an ACE inhibitor or
ARB and supports their use as first-line antihypertensive pharmacotherapies.

The finding that medication did not restore an index of cutaneous microvascular structure
(maximum CVC) is at odds with other findings on antihypertensive pharmacotherapy
interventions. In a retrospective study, Rizzoni et al. found that the ACE inhibitor Lisinopril
improved media:lumen ratio in subcutaneous resistance arteries (Rizzoni et al., 1997), while
Debbabi et al. found that antihypertensive pharmacotherapy increased skin capillary density
(Debbabi et al., 2006). These findings on the pleiotropic effects of ACE inhibitors and ARBs are
not limited to the microvasculature; Mahmud & Feely demonstrated that both ACE inhibitors and
ARBs can reduce carotid-femoral pulse wave velocity, the gold-standard measure for large elastic
artery stiffness (Mahmud and Feely, 2002). These disparate findings are likely due to the fact that
the measure of maximal vasodilator capacity used in this study was derived from a relative
measure of blood flow and not from direct structural measurements, such as capillaroscopy,
subcutaneous fat biopsy, or optical coherence tomography. Though these more direct measures
possess their own limitations and do not directly measure the same vascular beds, or same order
arterioles which were examined with intradermal microdialysis in this study. Another potential
explanation could be that the cutaneous microvasculature, a vascular bed that may not directly
exposed to dramatic elevations in blood pressure with hypertension, reacts differently than other
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vascular beds, such as the renal and cardiac vasculature, with more direct hemodynamic
involvement. Despite the imperfections in the measurement, that maximum dilation is attenuated
suggest that an impairment in maximal vasodilatory capacity is still present in the cutaneous
microvasculature after pharmacological intervention. In summary, these findings confirm that
hypertension is associated with microvascular endothelial dysfunction and pathological
remodeling. Furthermore, these data support the use of ACE inhibitors and ARBs as first line
antihypertensive pharmacotherapies due to their pleiotropic effects on the endothelium.

Future directions

1) Findings from this study suggest that restoration of endothelial function with RASinhibiting antihypertensive medications is due to augmentation of both NO-dependent and NOindependent vasodilation. However, it is currently unknown what the non-NO component of this
augmented endothelium-dependent vasodilation consists of. Augmentation of EDHF-mediated
vasodilation (Matsuda et al., 2004) and suppression of pro-constrictor prostanoids (Varin et al.,
2000) have both been associated with ACE inhibition; however these findings have not been
translated to the human cutaneous microcirculation.

2) Through measurement of maximal cutaneous vascular conductance, I found that
maximal vasodilator capacity is attenuated in both unmedicated and medicated hypertensive men
and women, relative to normotensive men and women. This suggests that microvascular
remodeling occurs with hypertension and that this remodeling is not reversed when blood
pressure was controlled with either and ACE inhibitor or ARB. These findings are at odds with
studies that examined microvascular structure with nailfold capillaroscopy or subcutaneous fat
biopsies, which show that microvascular structure is normalized with long-term ACE inhibitor
treatment (Debbabi et al., 2006; Rizzoni et al., 1997). The measure of microvessel structure used
in this study is an index and not a direct measurement of structure, limiting the strength of these
findings. Attempts should be made to correlate maximum CVC with other measures of vessel
structure, such as carotid femoral pulse wave velocity or forearm minimum resistance, to
determine the efficacy of maximum CVC as a structural measure.

3) This study enrolled subjects on ACE inhibitors (and one on an ARB), along with other
co-prescribed antihypertensive medications, with controlled blood pressure. Therefore, it can be
concluded that blood pressure normalization with ACE inhibitor/ARB pharmacotherapy
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augments endothelial function. However, I am not able to delineate whether this effect is a
general effect of antihypertensive pharmacotherapy, due to decreased AT1 receptor activation
from the use of ACE inhibitors/ARBs, blood pressure normalization, or a combination of the all
of these. To help reconcile this, future studies could be expanded to include a cohort with
normalized blood pressure with different classes of antihypertensive pharmacotherapy (betablockers, thiazide diuretics) and a cohort with uncontrolled blood pressure who are receiving
ACE inhibitor or ARB treatment.
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Appendix A

TOPICAL MENTHOL INCREASES CUTANEOUS BLOOD FLOW

Introduction

Topically applied analgesic gels are commonly used in clinical practice to relieve muscle
and joint pain. The purported analgesic mechanism of action for these agents is gate control
theory (Melzack, 1996). Menthol, the active ingredient in many topically applied analgesics,
activates transient receptor potential melastatin 8 (TRPM8) channels which are part of a family of
non-selective cation channels which also open in response to cool temperatures (8–28 °C)
(McKemy et al., 2002). According to gate control theory, menthol elicits an analgesic effect by
activating TRMP8 channels located on sensory nerves and on C and Aδ nociceptors to reduce
pain transmission (Liu et al., 2013a; Premkumar and Abooj, 2013). While these topically applied
agents are effective at reducing perceived pain from various musculoskeletal injuries (Airaksinen
et al., 2004; Hill and Sumida, 2002) they may also have other non-specific effects on neural and
vascular tissues containing TRMP8 receptors.

TRMP8 receptors are expressed in both neural (Babes et al., 2011) and vascular cells
(Johnson et al., 2009; Yang et al., 2006). The therapeutic effects of topical analgesics containing
menthol may be mediated in-part through its action in the skin itself. Several skin-specific
techniques have been developed to examine neurovascular signaling in the cutaneous circulation
including the relative contributions of sensory nerves, endothelium derived hyperpolarizing
factor(s) (EDHFs) (Lorenzo and Minson, 2007) and nitric oxide (NO)-dependent (Kellogg et al.,
1999) signaling pathway. Specifically, after a brief period of arterial occlusion (5 min) the
following increase in skin blood flow (SkBF) is mediated through sensory nerves and EDHF dependent mechanisms (Lorenzo and Minson, 2007). Locally heating a small area of skin causes
a brief axon reflex that is in-part mediated by sensory nerves. The axon reflex is followed by a
nadir and then a prolonged plateau in vasodilation that is predominantly dependent on the
production of NO from endothelial NO synthase (Minson et al., 2001). Sensory nerves do not
play a role in the NO-mediated plateau in SkBF (Hodges et al., 2009). Menthol is an agonist for
TRPM8 channels and induces either vasodilation or vasoconstriction dependent upon the initial
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level of vascular tone (Johnson et al., 2009) through alterations in sensory nerve (Johnson et al.,
2009), NO (Johnson et al., 2009), and RhoA/ROCK vasoconstrictor pathways (Sun et al., 2014a).
Work on human arterial blood flow suggests that menthol acts as a constrictor (Olive et al., 2010;
Topp et al., 2013). However, the effect of menthol at clinically relevant concentrations on
cutaneous neurovascular control in humans is presently unknown.

In addition to menthol, commonly used topical analgesic gels (BioFreeze®) also contain
Ilex paraguariensis, a plant-derived additive that contributes to the texture of BioFreeze®. Ilex
has documented antioxidant properties (Boaventura et al., 2012; Gao et al., 2013b; Leonard et al.,
2010) and increases NO bioavailability, while decreasing vasoconstrictors including endothelin
and thromboxane B2 (Gao et al., 2013a), in both human and rat models (Muccillo Baisch et al.,
1998; Schinella et al., 2005). However, the effects of topically applied ilex and possible
interactions with menthol on cutaneous blood flow are unclear.

The aim of this study was to determine the separate and combined effects of menthol and
ilex on SkBF. We also sought to elucidate mechanisms by which ilex and menthol may alter
SkBF by utilizing non-invasive skin specific stimuli (PORH, and local heating). We hypothesized
that topical menthol would induce cutaneous vasoconstriction through sensory nerve mediated
mechanisms, while topical ilex would have no effect on SkBF.

Materials and Methods

Subjects
Experimental protocols were approved by the institutional review board of The
Pennsylvania State University and conformed to the Declaration of Helsinki. Voluntary written
and verbal consent were obtained from all subjects prior to participation in the study. Each
protocol was performed on different groups of 10 young, healthy subjects. All subjects were
apparently healthy, normally active, nonsmokers, not on prescription medication, and did not
present with any chronic disease.

Instrumentation
All experiments took place in a thermoneutral laboratory with subjects in a semi-supine
position. Subjects refrained from consuming alcohol for at least 12 h before the experiment and
did not consume caffeine or exercise on the day of the experiment. The subject's left arm was
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placed in a supinated position on a vacuum cushion to limit movement artifact during data
collection.

Protocol 1
Each subject completed four trials where forearm blood flow over a 60 cm2 area of the
ventral forearm was measured with a full-field laser perfusion imager (Moor instruments) that
utilizes laser speckle contrast imaging (LSCI) to obtain relative measures of SkBF, expressed as
flux. LSCI works through measuring fluctuations in the speckle pattern of laser light as blood
flows through the skin (Briers, 2007). The full-field laser perfusion imager was set with a time
constant of 1.0 s, display rate of 25 Hz, and exposure time of 4 milliseconds. During each trial,
one of four gels was applied to the skin in a double blind randomized fashion: (1) placebo (2)
menthol (4%) (3) ilex (0. 07%) and (4) menthol + ilex. The menthol + ilex gel was commercially
available BioFreeze® gel. The other gels were formulated by the manufacturer, de-identified and
coded. The formulations were exactly as the commercially available gel except for the removal of
menthol and/or ilex. All investigators were blinded as to the identity of the gels until the
completion of data collection and analysis.

The measurement area was marked on each subject and clear cellophane wrap was placed
over the arm to limit evaporation. LCSI was conducted with and without cellophane wrap prior to
gel application in nine experiments and was found not to alter baseline blood flow (p = 0.185).
Baseline blood flow was measured on the forearm for 15 min, after which the cellophane wrap
was temporarily removed and 1ml of test gel was applied evenly over the marked area. The clear
cellophane wrap was placed back into position and blood flow was measured until a minimum of
15 min of a steady plateau in SkBF was obtained. Subjects completed one trial for each treatment
condition (placebo, menthol, ilex, menthol + ilex). Pilot work indicated that a 24 h washout was
sufficient to allow abatement of the effects of previous gel exposure, so a minimum 24 h washout
between trials was employed.

Arterial blood pressure was measured via brachial auscultation every five minutes and
heart rate was continuously monitored throughout the experiment (Datex-Ohmeda Cardiocap/5).
Mean arterial pressure (MAP) was calculated as diastolic blood pressure plus one third pulse
pressure. All data were normalized to cutaneous vascular conductance (CVC: flux/MAP).

78
Data analysis
Data were analyzed, recorded, and stored offline for analysis (moorFLPI Review V3.0).
Baseline values were determined as the average of a five minute period of stable blood flow prior
to gel application. Peak CVC was determined as the average of a five minute plateau in SkBF
post gel application. A two-way mixed model repeated-measures ANOVA was conducted to
detect gel and condition (i.e., post-gel) differences in SkBF. Alpha was set at p < 0.05.

Protocol 2
After establishing 4% menthol gel as a vasodilator in protocol 1, we sought to
characterize the dose–response curve between menthol concentration and changes in CVC. Seven
different gels containing 0.04%, 0.4%, 1%, 2%, 4%, 7%, and 8% menthol were utilized for this
experiment. These concentrations were chosen to test menthol concentrations above and below
those contained in commercially available analgesic gels, with 7–8% menthol representing the
highest concentrations available that would emulsify in the gel.
In a group of 10 subjects, four 15 cm2 areas for gel application were identified on the
ventral forearm. Volumes of 0.25 mL of each gel were applied to the marked sites in a
randomized manner. This volume of gel was chosen to match the same amount of gel/cm2 as
utilized in protocol 1. Both researchers and subjects were blind to the identity of each gel.
Immediately after gel application, all four sites were covered with clear cellophane wrap as in
protocol 1. SkBF was measured with LSCI. Once flux at any individual site reached a plateau for
five minutes the cellophane wrap was removed from that location only and any excess gel was
removed. SkBF was then continuously measured until flux returned to basal values for a
minimum of five minutes. Blood pressure and heart rate were monitored as in protocol 1.

Peak SkBF was measured as the highest CVC recorded during menthol administration for
each menthol dose. Total hyperemic response (THR) was determined for each menthol dose as
the integrated increase in SkBF with baseline subtracted, expressed as CVC multiplied by time in
seconds (CVC·s), as previously described (Wong et al., 2003). One-way ANOVAs were run to
detect between gel differences. Alpha was set at p < 0.05. Menthol concentrations were log
transformed and data were curve modeled as a four parameter logistic equation without minimum
or maximum constraints (GraphPad Prism 6). Effective dose 50% (ED50), the dose of menthol
required to elicit half maximum vasodilation was determined from the curve model.
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Protocol 3
Protocol 3 was conducted to investigate the mechanisms by which menthol-induced
cutaneous vasodilation. Experiments for protocol 3 took place under the same conditions as
protocols 1 and 2. Four local heater units (moor instruments skin heater/temperature monitor
SH02) were affixed to the ventral surface of the forearm with adhesive disks. Heaters were placed
to avoid large, superficial blood vessels. The same four treatments from protocol 1 were utilized
in protocol 3. Volumes of 0.1 mL of each treatment gel were applied to the skin within separate
local heaters in a randomized double blind manner. After gel application, local heaters were filled
with distilled water which could be temperature controlled to maintain baseline skin temperature
(Tsk) and heat the skin during the local heating protocol. The heaters were then covered with a
transparent cap to prevent water loss. Heart rate and blood pressure were monitored in protocol 3
in the same manner as protocol 1. Fig. A-1 illustrates the experimental procedure for protocol 3.

Reactive hyperemia
A reactive hyperemia protocol was performed to assess EDHF and sensory nervemediated vasodilation. An automatic, pneumatic cuff was placed around the left-upper arm
(Hokanson E 20 rapid cuff inflator). Upon completion of instrumentation, local heater
temperatures were set to clamp local Tsk at 34.0 °C. Twenty minutes of baseline data were
obtained. After completion of baseline measurements, the pneumatic cuff was inflated > 50
mmHg suprasystolic pressure and remained inflated for five minutes. After five minutes, pressure
was released from the cuff and the reactive hyperemic response was imaged. Flux was allowed to
return to baseline values and blood flow was measured during a stable baseline for a minimum of
five minutes. A second identical reactive hyperemia protocol was then performed.

Local heating
After completion of the reactive hyperemic protocol, a local heating protocol was
performed to assess NO-mediated vasodilation. Pilot studies indicated that the reactive hyperemia
protocol did not affect local heating data when the two protocols were separated by a minimum of
20 min. Local heaters were drained of water and each gel was reapplied. Gels were applied
identically to initial application and the local heaters were refilled with distilled water and again
set to clamp local Tsk at 34.0 °C. Baseline flux was measure for 20 min. Local heating of the skin
was then conducted at a rate of 0.5 °C every 30 s until water temperature reached 42.0 °C.
Heating was maintained until flux reached a stable plateau (30–40 min).
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Sensory nerve blockade
Concurrent with reactive hyperemia and local heating protocols, 4% lidocaine (EMLA®)
was applied to the opposite forearm and covered with a bio-occlusive patch for a minimum of one
hour to block sensory nerve transduction. Sensory nerve blockade was confirmed through lack of
sensation to a needle prick (Minson et al., 2001; Wong, 2013) before and after the protocol. Both
the reactive hyperemia and local heating protocols were conducted after topical lidocaine
application applied to determine sensory nerve contribution to menthol- and ilex-mediated
changes in SkBF.

Data analysis
Data were analyzed, recorded, and stored offline for analysis (moorFLPI Review V3.0).
Baseline values were determined as the average of a five minute periods of stable flux before
commencement of the reactive hyperemia protocol. Peak flux was determined as the highest
absolute flux value obtained during reactive hyperemia. The THR for SkBF in protocol 3 was
characterized as the integration of post-occlusion flux above baseline from the time of cuff
release until a return to baseline flux, this is representative of the total increase in blood flow
post-occlusion. The local heating plateau was measured as the average of a period of five minute
stable flux during heating to 42.0 °C. All values were standardized to CVC or CVC·s in the case
of THR integration. A two-way mixed model repeated-measures ANOVA was conducted to
detect gel and condition (i.e., local heating) differences in blood flow. Alpha was set at p < 0.05.

Results

Subject characteristics for all three protocols are illustrated in Table A-1.

Data from protocol 1 are shown in Fig. A-2. Compared to pre-gel application, menthol
(pre: 0.99 ± 0.04 vs post: 3.41 ± 0.33 flux•mmHg− 1; p < 0.001) and menthol + ilex (pre: 0.95 ±
0.04 vs post: 3.50 ± 0.34 flux•mmHg− 1; p < 0.001) increased CVC, whereas CVC was not
affected by the application of ilex (pre: 0.98 ± 0.06 vs post: 0.97 ± 0.11 flux•mmHg− 1; p = 0.98)
or placebo gels (pre: 1.03 ± 0.05 vs post: 1.120 ± 0.19 flux•mmHg− 1; p = 0.68).

The menthol dose–response data are shown in Fig. A-3. Peak CVC and area under the
curve both increased with increasing doses of menthol. Through pharmacological curve
modeling, the ED50 was determined to be 1.0% menthol.
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Fig. A-4 shows CVC at thermoneutral (34.0 °C) baseline taken before the first reactive
hyperemia for all sites both with and without sensory nerve blockade. With intact sensory nerves,
baseline CVC at the menthol (menthol: 2.28 ± 0.28, placebo: 0.72 ± 0.1 flux•mmHg− 1; p < 0.001)
and menthol + ilex (menthol + ilex: 2.20 ± 0.21 flux•mmHg− 1; p < 0.001) sites was increased
compared to placebo. Sites treated with ilex were not different from placebo (ilex: 0.69 ± 0.8
flux•mmHg− 1; p = 0.85).

At baseline, sensory nerve blockade partially attenuated CVC at the menthol (1.29 ± 0.19
flux•mm Hg− 1; p < 0.001) and menthol + ilex sites (1.14 ± flux•mmHg− 1; p < 0.001). However,
CVC at both menthol containing sites remained elevated compared to placebo site (placebo with
blockade: 0.67 ± 0.06 flux•mmHg− 1; p < 0.001).

Fig. A-5 shows the peak CVC response during PORH. Similar to thermoneutral baseline,
peak CVC was increased in the menthol (menthol: 3.62 ± 0.29, placebo: 2.50 ± 0.21 flux•mmHg−
; p < 0.001) and menthol + ilex (menthol + ilex: 3.54 ± 0.25 flux•mmHg− 1; p < 0.001) sites
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compared to placebo. Peak CVC at the ilex site was not different from placebo (ilex: 2.41 ± 0.08
flux•mmHg− 1; p = 0.52).

Sensory nerve blockade did not alter the peak CVC at the placebo site (with blockade:
2.47 ± 0.15 flux•mmHg− 1; p = 0.82). Sensory nerve blockade reduced peak CVC at the menthol
(with blockade: 2.79 ± 0.28 flux•mmHg− 1; p < 0.001) and menthol + ilex (with blockade: 2.67 ±
0.15 flux•mmHg− 1; p < 0.001) sites. With blockade, peak CVC at the menthol site was greater
than placebo (p = 0.02), but peak CVC at the menthol + ilex site was not (p = 0.15). Peak CVC
was augmented at the ilex site with sensory nerve blockade (with blockade: 2.87 ± 0.44
flux•mmHg− 1; p < 0.001) so that was greater than placebo (p = 0.004).

Fig. A-6 shows the THR, the integrated increase in cutaneous blood flow above baseline,
with and without sensory nerve inhibition. THR at the menthol (menthol 622.7 ± 79.9 vs placebo:
191.6 ± 39.8 CVC•s; p < 0.003) and menthol + ilex sites (menthol + ilex: 722.0 ± 169.0 CVC•s; p
< 0.001) were increased compared to placebo. Ilex treatment alone (154.1 ± 25.1 CVC•s; p =
0.79) was no different from placebo.
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Sensory nerve blockade reduced the THR at the menthol site (with blockade: 335.5 ±
75.2 CVC•s; p = 0.045) so that it was no longer different from placebo (with blockade: 158.6 ±
56.6 CVC•s; p = 0.21). Sensory nerve blockade did not attenuate THR in the menthol + ilex site
(with blockade: 464.0 ± 175.0 CVC•s; p = 0.07) and THR remained elevated compared to the
placebo site (p = 0.03). THR at neither the ilex (with blockade 146.2 ± 51.0 CVC•s, p = 0.95) nor
placebo (p = 0.82) site was altered with sensory nerve inhibition.

Fig. A-7 shows the NO-dependent plateau in CVC during local heating of the skin. CVC
was not different from placebo at the menthol (menthol: 2.98 ± 0.24 flux•mmHg− 1, placebo: 2.86
± 0.32; p = 0.44), ilex (2.96 ± 0.34 flux•mmHg− 1; p = 0.49) or menthol + ilex (2.98 ± 0.15
flux•mmHg− 1; p = 0.46) sites. Blockade of sensory nerves during local heating did not
significantly alter CVC at the menthol (with blockade: 3.45 ± 0.21 flux•mmHg− 1; p = 0.13),
menthol + ilex (with blockade: 3.06 ± 0.09 flux•mmHg− 1; p = 0.78), ilex (2.45 ± 0.35
flux•mmHg− 1; p = 0.053) or placebo (with blockade: 2.37 ± 0.18 flux•mmHg− 1; p = 0.23) sites.
However, with sensory nerve inhibition, CVC at both the menthol (p < 0.001) and menthol + ilex
(p = 0.03) sites was significantly greater than at the placebo site.

Discussion

The main findings from this study were that 1) topical menthol application dosedependently increases cutaneous blood flow in thermoneutral conditions (Tsk = 34.0 °C) but ilex
had no effect, 2) the PORH response was augmented after topical application of menthol but there
was no effect of menthol on the local heating response. Collectively these data suggest that
menthol acts as a vasodilator when topically applied to the skin. These data also suggest that
menthol increases skin blood flow through EDHF- and sensory-nerve dependent mechanisms
with little or no relative contribution from NO.

Menthol elicits a cold sensation when topically applied to the skin and is clinically used
to mimic the pain relieving properties of cryotherapy. Traditional cryotherapy is typically
accompanied by a decrease in blood flow to the treated area (Ho et al., 1994; Thorsson et al.,
1985). In contrast to studies examining arterial blood flow with ultrasonography measurements
(Olive et al., 2010; Topp et al., 2013; Topp et al., 2011a), we and others (Johnson et al., 2009)
have found that menthol containing gels increase cutaneous blood flow, not resembling
cryotherapy despite the cold sensation. It is possible that these differences are due to differences
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in the macro- and microvasculature, and the depth of penetration of the gels, and possible
influences of evaporation of the gels on the skin surface. The present data were collected using
relatively large amounts of gel per surface area and with the use of plastic covering to prevent
evaporation. Other studies inn conduit arteries have used a smaller volume of gel per surface area
and allowed for free evaporation. We observed an increase in cutaneous blood flow, but we did
not simultaneously measure arterial blood flow to examine macrovascular function in response to
topical menthol and ilex application.

We found that menthol containing gels produced a robust increase in cutaneous blood
flow, while ilex application alone (without menthol) did not alter SkBF. Menthol has been shown
to induce vasodilation in various vascular beds and animal models through NO, RhoA/Rho
kinase, and EDHF mechanisms (Cheang et al., 2013; Johnson et al., 2009; Sun et al., 2014a). Our
initial observation of menthol-induced cutaneous vasodilation lead us to further characterize the
SkBF response to topical menthol (protocol 2) and to further investigate the mechanisms involved
in menthol-mediated vasodilation (protocol 3).

In protocol 2, using doses ranging from 0.04% to 8% menthol, a range that includes the
menthol concentration found in most commercially available menthol gels, menthol increased
SkBF dose-dependently. While menthol did have a dose-dependent effect, using greater than 4%
menthol did not further increase SkBF compared to 4% menthol, the concentration found in overthe-counter menthol formulations (BioFreeze®, Wonder Freeze®, Bengay Cold Therapy Gel®
[5%]).

Our next protocol was designed to elucidate the potential mechanism(s) through which
menthol elicits cutaneous vasodilation. At thermoneutral baseline (34 °C) and during reactive
hyperemia, the menthol and menthol + ilex gels significantly increased SkBF compared to
placebo. The increase in SkBF during PORH was predominantly mediated by either sensory
nerves or EDHFs, a group of putative vasodilators that hyperpolarize vascular smooth muscle
through activation of calcium- and ATP-activated potassium channels (Edwards et al., 2010).
While uncovering the exact pathway through which menthol interacts with EDHFs was outside
the scope of these experiments, the robust increase in the THR observed with menthol application
suggests that menthol augmented one or more EDHFs to increase cutaneous blood flow.
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Because of the role of sensory nerves in the PORH response we also pretreated the skin
with lidocaine to inhibit sensory nerves. Sensory nerve inhibition partially attenuated the
menthol-mediated rise in cutaneous blood flow during thermoneutral baseline and reactive
hyperemia, suggesting that menthol interacts with sensory nerves, possibly sensitizing the nerves
to induce greater vasodilation. Surprisingly, sensory nerve inhibition did not attenuate blood flow
at either the placebo or the ilex sites during reactive hyperemia. This is in contrast to the findings
by Lorenzo & Minson, who showed that sensory never inhibition with topically applied
anesthetics attenuated SkBF during reactive hyperemia (Lorenzo and Minson, 2007). The reason
for these disparate findings is not readily apparent as we used similar protocols for both sensory
nerve inhibition and reactive hyperemia as Lorenzo & Minson. However, because menthol
increased cutaneous blood flow during EDHF-dependent reactive hyperemia, and was partially
inhibited by sensory nerve blockade these data suggest that menthol elicits increases in cutaneous
blood flow through a combination of EDHFs and sensory nerves.

NO-dependent vasodilation was also assessed through local heating of the skin to 42.0 °C
(Holowatz et al., 2010). Neither menthol nor menthol + ilex changed SkBF in response to local
heating, suggesting that menthol-mediated increase in SkBF is NO-independent. Others have
demonstrated that NO plays a significant role in menthol-mediated cutaneous vasodilation at
thermoneutral temperatures (Johnson et al., 2009) using different methodologies. In the present
study we did not pharmacologically inhibit NO synthesis and thus only have indirect measures of
relative NO-dependent vasodilation. It is possible that we did not observe a direct NO
contribution to menthol-mediated vasodilation due to a ceiling effect, where local heating to
42.0°C elicited near maximal cutaneous vasodilation.

In this study we found that topical application of ilex had no effect on the majority of our
skin blood flow measures. The only effect of ilex was an increase in peak CVC during sensory
nerve inhibition in protocol 3. Ilex augments vasodilation when applied directly to isolated
vessels through NO-dependent mechanisms (Muccillo Baisch et al., 1998; Schinella et al., 2005).
Ilex has robust antioxidant properties, and likely increases NO synthase activity by quenching
reactive oxygen species (Schinella et al., 2005). Despite the potential vasodilatory mechanisms, in
this study we observed little effect of ilex on cutaneous blood flow. This could be due to the low
concentrations of ilex in the gel, possible change in the properties of ilex in commercial
preparation, and/or an inability of ilex to reach the vasculature when applied topically. Our data

85
clearly show that, under basal conditions, topically applied ilex at the concentration found in
topical analgesics, such as BioFreeze®, does not alter cutaneous microvascular blood flow.

The ability of topically applied menthol to attenuate pain is well established (Airaksinen
et al., 2004; Hill and Sumida, 2002; Sundstrup et al., 2014). These data do not refute using topical
menthol gels as analgesics for muscle and joint pain. However, our findings suggest that topical
menthol gels may have clinical uses other than pain relief. Through increasing SkBF, topical
menthol application can be utilized in clinical conditions were increasing blood flow over a
localized region would be beneficial. For example elevating SkBF in the hands or feet may also
increase distal sensation and help those with peripheral neuropathy.

Conclusion

In summary, we found that menthol applied topically, with or without I. paraguariensis,
induced cutaneous vasodilation in a dose-dependent manner, with an ED50 at approximately a 1%
menthol concentration. Furthermore, menthol increased SkBF during thermoneutral baseline and
EDHF/sensory nerve-dependent reactive hyperemia. Sensory nerve inhibition partially attenuated
the menthol-mediated rise in SkBF. Taken together, these data suggest that menthol induces
cutaneous vasodilation by acting through EDHFs and sensory nerves. Collectively, our findings
support menthol as a vasodilator in the human cutaneous microvasculature.
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Table A-1. Subject Characteristics

Subjects
(men, women)

Age (y)

Height (m)

Weight (kg)

MAP
(mm Hg)

BMI
(kg·m− 2)

Protocol 1

5,5

24 ± 3

1.6 ± 0.1

74 ± 11

82 ± 9

23.4 ± 2.7

Protocol 2

4,6

24 ± 1

1.7 ± 0.1

68 ± 4

83 ± 2

22.6 ± 0.9

Protocol 3

7,3

23 ± 1

1.8 ± 0.1

69 ± 3

82 ± 2

22.3 ± 0.5
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Figure A-1

Figure A-1. Protocol 3 schematic. Skin-specific stimuli were utilized to assess the mechanism(s)
of menthol-induced cutaneous vasodilation. Following baseline, two reactive hyperemic
procedures (EDHF and sensory nerve dependent vasodilation) were performed. Measurement was
paused and the test gels were reapplied. A local heating protocol (NO-dependent vasodilation)
was the conducted. Tsk was controlled throughout the entire protocol.
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Figure A-2

Figure A-2. Menthol augments SkBF independent of ilex. CVC ± SE prior to (black bars) and
after application (gray bars) of each gel to the skin. Post gel application, CVC increased
significantly in the menthol and menthol + ilex sites. Conductance did not change with
application of either the placebo or ilex gels. *p < 0.05 compared to pre gel condition.
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Figure A-3

Figure A-3. Menthol augments blood flow in a dose dependent fashion. A) Maximum CVC
elicited by each concentration of topical menthol gel. B) Total increase in blood flow, calculated
as area under the curve, elicited by each concentration of topical menthol gel. C) A modeled
curve for the SkBF response to topical menthol application. Menthol gel concentrations were log
transformed. *p < 0.05 compared to 0.04% menthol concentration. ‡p < 0.05 compared to 0.4%
menthol concentration.
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Figure A-4

Figure A-4. SkBF during thermoneutral baseline. Mean baseline CVC ± SE. With intact sensory
nerves (gray bars), the menthol + ilex and menthol sites were significantly elevated compared to
the placebo site. There was no significant difference between the ilex and placebo sites. With
inhibited sensory nerves (black bars), menthol and menthol + ilex sites were partially inhibited,
however vasodilation was still significantly higher than placebo.*p < 0.05 compared to placebo
site. ‡p < 0.05 compared to intact sensory nerves.
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Figure A-5

Figure A-5. Peak SkBF from PORH Mean peak CVC ± SE. With sensory nerves intact (gray
bars), the menthol + ilex and menthol sites were significantly elevated compared to the placebo
site. There was no significant difference between the ilex and placebo sites. With inhibited
sensory nerves (black bars), menthol + ilex was attenuated so there was no difference from
placebo, but menthol remained augmented compared to placebo. Sensory nerve inhibition
augmented the ilex site so that it was significantly elevated compared to placebo. *p < 0.05
compared to placebo site. ‡p < 0.05 compared to intact sensory nerves.
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Figure A-6

Figure A-6. THR to reactive hyperemia. Mean THR CVC·s ± SE. With sensory nerves intact
(gray bars), the menthol + ilex and menthol sites were significantly elevated compared to the
placebo site. Sensory nerve blockade (black bars) attenuated the menthol site so that it was no
different from placebo, whereas it did not have an effect on the menthol + ilex site. *p < 0.05
compared to placebo site. ‡p < 0.05 compared to intact sensory nerves.
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Figure A-7

Figure A-7. SkBF during local heating of the skin. Mean CVC ± SE in response to local 42.0 °C
heating. With intact sensory nerves (gray bars), There was no difference between sites. With
sensory nerve blockade (black bars), the menthol and menthol + ilex sites were augmented
compared to placebo. *p < 0.05 compared to placebo. ‡p < 0.05 compared to intact sensory
nerves.
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Appendix B

MECHANISMS AND TIME COURSE OF MENTHOL-INDUCED
CUTANEOUS VASODILATION
Introduction

Menthol is the active ingredient in many topical analgesic agents that elicits a cold
sensation by acting on transient receptor potential melastatin 8 (TRPM8) channels (Peier et al.,
2002). Because of its wide ranging use in topical products, it is important to understand how
menthol is penetrating the skin and affecting blood flow and sensation. Utilizing laser speckle
contrast imaging, we recently demonstrated the topically applied menthol gel induces
vasodilation of the cutaneous microvasculature (Craighead and Alexander, 2016).

TRPM8 channels are expressed in vascular endothelium (Johnson et al., 2009)and
smooth muscle (Yang et al., 2006). The literature on the vasoactive effects of menthol is varied,
with most (Cheang et al., 2013; Craighead and Alexander, 2016; Johnson et al., 2009; Sun et al.,
2014b) but not all (Olive et al., 2010; Topp et al., 2013; Topp et al., 2011b) studies finding that
menthol possess vasorelaxent properties. However, there is not a consensus on the mechanism(s)
through which menthol mediates vasodilation. There is evidence that menthol acts through nitric
oxide (NO)(Johnson et al., 2009), RhoA/Rho kinase (Sun et al., 2014b), and by altering smooth
muscle calcium concentration (Cheang et al., 2013; Ito et al., 2008) The disparate findings may
be due to the use of different animal models and vascular beds. Because of menthol’s presence in
many topical agents, the human cutaneous circulation is a clinically relevant vascular bed in
which to examine the vasoactive effects of menthol.

Utilizing reactive hyperemia and local heating to assess endothelium derived
hyperpolarizing factor (EDHF)/sensory nerve and NO-dependent vasodilation respectively, we
recently found that menthol likely caused vasodilation through EDHFs and sensory nerves
(Craighead and Alexander, 2016). However, a ceiling effect of cutaneous vasodilation with local
heating may have masked any contribution from NO to menthol-mediated vasodilation.
Furthermore, while reactive hyperemia and local heating in the skin are in large part pathway
specific, there is a certain degree of cross talk from multiple vasodilator pathways (Brunt and
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Minson, 2012a; Engelke et al., 1996; Medow et al., 2007). Consequently, the mechanism(s)
contributing to menthol-mediated vasodilation need to be more fully elucidated.

From a therapeutic standpoint, topical menthol containing products are used in clinical
populations (i.e. arthritis, muscle strain, back pain) for their effects of sensation and pain relief.
Along with elucidating menthol’s mechanism(s) of action, determining the amount of menthol
delivered to the cutaneous tissue and the rate of menthol appearance/clearance is important for
optimizing formulation of topical menthol containing products for improving its analgesic effects.

The goals of this study were to use intradermal microdialysis, to (1) pharmacodissect the
mechanism(s) through which menthol induces cutaneous vasodilation, and (2) determine a time
course for menthol appearance and clearance in the cutaneous tissue following topical menthol
application. We hypothesized that NO, EDHFs, and sensory nerves would all contribute to
menthol-mediated vasodilation. We also hypothesized that menthol would be detectable in
dialysate samples from the cutaneous tissue within 30 minutes on topical exposure and remain
present throughout the duration of our protocol.

Methods

Experimental protocols were approved by the institutional review board of The
Pennsylvania State University and conformed to the Declaration of Helsinki. Voluntary verbal
and written consent were obtained from all subjects prior to participation in the study. Protocols
were carried out in a group of 10 young, healthy, participants who did not smoke, were not
pregnant or breastfeeding, and were free from any apparent cardiovascular disease. Women not
taking birth control were tested during the early follicular phase, while women on oral birth
control were tested during the placebo phase of their medication. Participants were free of any
other medications that are known to alter vascular function.

Study 1: Menthol dose-response
All experiments took place in a thermoneutral laboratory with subjects in a semi-supine
position. Subjects did not exercise, or consume caffeine or alcohol, for 12 hours before the
experiment. Four intradermal microdialysis fibers (CMA Microdialysis; 55 kDa cutoff) were
placed in the skin of the ventral forearm as previously described (Smith et al., 2011; Stanhewicz
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et al., 2012). After placement of microdialysis fibers, 60-90 minutes was given for full resolution
of hyperemia due to insertion trauma.

After resolution of fiber placement hyperemia, each microdialysis site was randomly
assigned either 1) control (lactated Ringer’s solution), 2) 20mM NG -Nitro-L-arginine methyl
ester (L-NAME), a nonselective NO synthase (NOS) antagonist to assess NO-dependent
vasodilation, 3) 50mM tetraethylammonium (TEA), a potassium channel blocker to determine the
contribution of EDHFs or 4) Lidocaine (4% LMX4 cream applied for 60 min) over a
microdialysis site perfused with lactated Ringer’s to inhibit sensory nerves. L-NAME and TEA
were mixed with lactated Ringer’s right before use and filtered through a syringe microfilter
(Acrodisc; 0.2μm filter). Drugs were perfused with microperfusion pumps (BASi Bee Hive
controller and Baby Bee syringe drive) set at a rate of 2μL•min-1. Sensory nerve blockade was
confirmed through lack of sensation to a needle prick (Minson et al., 2001; Wong, 2013).

After full abatement of insertion trauma, local heating units were placed over each
microdialysis site and set to 33⁰C to maintain thermoneutral skin temperature. Laser Doppler
flowmeter probes (Moor Instruments) were placed over each local heating unit to continually
measure red cell flux. Measurement of skin blood flow with laser Doppler flowmetry is highly
reproducible when the data are expressed as a percentage of maximum vasodilation (Tew et al.,
2011). Data were sampled at 40Hz with WinDaq data acquisition software (DATAQ
Instruments). Blood pressure was measured every five minutes via brachial auscultation
(CardioCap5, General Electric). Baseline laser Doppler flux was measured for approximately 15
minutes, after which the menthol dose-response commenced. Seven increasing doses of menthol
(99% Menthol, Sigma-Aldrich) (0.1, 1, 10, 50, 100, 250, and 500mM) were perfused through
each microdialysis fiber in 5 minute increments. Menthol was mixed with lactated Ringer’s and
the matching pharmacological inhibitor when appropriate. 500mM menthol was chosen as the
maximum dose as it represented the most menthol that could dissolve in lactated Ringer’s when
utilizing a hot plate and a stir bar. Menthol’s solubility could have been increased with the
addition of ethanol to the solution, however we elected not include ethanol because of its
inhibitory effect on TRPM8 channels (Benedikt et al., 2007).

Following completion of the menthol dose response, 28mM sodium nitroprusside (SNP),
was perfused through the fibers at a rate of 4μL•min-1 and the temperature of the local heaters was
raised to 43⁰C to elicit maximum vasodilation (Holowatz et al., 2005; Smith et al., 2011).
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Data were stored offline for later analysis. Red cell flux was normalized to cutaneous
vascular conductance (CVC: flux•mean arterial pressure-1) and expressed as a percentage of site
specific maximum obtained from SNP/43⁰C heat (%CVCmax). All data were analyzed with
GraphPad Prism 6 software. A 2-way ANOVA was run to detect menthol dose-site interactions.
Tukey’s multiple comparisons tests were conducted where appropriate. Significance was set a
priori at α=0.05. An a priori power analysis revealed that 10 subjects was sufficient to detect a
meaningful physiological difference of 10% between microdialysis treatment sites with a
standard deviation of the difference of 10%, with a desired power of 0.8. Effect size (Cohen’s d)
was calculated for main effects of treatment in study 1. The interpretation of effect size follows
the convention of Cohen: 0.2, 0.5, 0.8 correspond to “small,” “medium,” and “large” effect sizes
respectively (Cohen, 1988).

Study 2: Menthol dialysate recovery
All experiments took place under the same conditions as in study 1. Two microdialysis
fibers were placed in the skin of the ventral forearm. Thirty minutes after placement of fibers and
resolution of the insertion hyperemia, a 60cm2 (15cm•4cm) area on the ventral forearm was
marked. This marked area included the intradermal portions of the microdialysis fibers. Skin
blood flow over this area was measured for 5 minutes with a sample rate of 0.25 Hz utilizing a
laser speckle contrast imager (Full-field Laser Perfusion Imager, Moor Instruments). Laser
speckle contrast imaging measures provides a relative measure of skin blood flow that is
reproducible and possesses good spatial and temporal resolution (Roustit and Cracowski, 2012;
Roustit et al., 2010). Dialysate samples from outflow end of the microdialysis fibers were
simultaneously collected in 300 μL glass vials with Teflon coated caps. Microperfusion pumps
were set at a rate of 1 μL•min-1 to collect 5 μL of dialysate. After collection of baseline skin blood
flow and dialysate samples was completed, the microperfusion pumps were turned off and skin
blood flow measurements were paused. One mL of 4% menthol gel (Biofreeze®) was applied
evenly over the 60cm2 area by a researcher with a gloved hand. A clear plastic covering was
placed over the menthol to prevent evaporation and measurement of skin blood flow was
resumed.

Topical menthol was left in place for 30 minutes. Subjective rating of menthol sensation
was obtained from the subjects 5, 10, 15, and 30 minutes after menthol had been applied. The
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sensation scale was a 0 to 10 visual analog scale with 0 representing no sensation of menthol and
10 a “very intense” sensation.

After 30 minutes, the plastic covering was removed and excess menthol containing gel
was wiped away using a sterile piece of gauze. Dialysate samples and menthol sensation were
collected as during baseline and were repeated every 30 minutes for 240 more minutes (270 total
experiment time). Laser speckle contrast perfusion imaging was measured continuously
throughout the protocol. After completion of the protocol dialysate samples were stored at -80⁰C
for later analysis.

To prepare the dialysate samples for menthol detection by gas chromatograph, menthol
was extracted from the Ringer’s solution by liquid-liquid extraction into dichloromethane. 2nonanol was used as in internal standard to control for extraction efficiency by adding 20µL of
aqueous 250pg•µL-1 2- nonanol to each dialysate. Undecane was used as a second internal
standard to control for variation in sample concentration caused by in-vial solvent evaporation.
50µL of dichloromethane containing 2ng•µL-1 undecane was added to each dialysate and vials
were vortexed vigorously for 30 seconds. Partitioning was facilitated by centrifuging vials for 5
minutes at 600×g and organic phase was carefully transferred to a gas chromatograph vial.

All samples were analyzed with a gas chromatograph-flame ionization detector (GC-FID)
using an Agilent 6890 chromatograph (Agilent Technologies, Santa Clara, CA) equipped with a
SPB-35 bonded phase capillary column (0.25 mm x 0.25 μm x 30 m; Supelco, Bellefonte, PA,
USA). Injections of 1uL were performed in splitless mode with a split delay of 0.75 min and
helium carrier gas flow of 0.8 mL•min-1. The oven was kept at an initial temperature of 40°C for
one minute then increased to 200°C at a rate of 15°C•min-1. Inlet and FID temperatures were
220°C and 250°C respectively. Confirmation of menthol recovery was confirmed using an
authentic standard as well as by analysis of selected samples by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 6890 GC interfaced with an Agilent 5973 mass selective
detector operated in electron impact (EI) mode. Parameters were identical to those of the GC-FID
and standard EI settings (ion source: 230°C, quadrupole: 150°C, and fragmentation at 70eV) were
used to generate spectra matching the NIST 08 reference spectra. Concentrations of menthol, 2nonanol, and undecane were calculated from their respective FID peak areas in conjunction with
external calibration curves and were used to determine total menthol recovery in nanograms.
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Skin blood flow data were stored offline for later analysis. Red cell flux was normalized
to CVC. All data were analyzed with GraphPad Prism 6 software. One-way ANOVAs were run
to detect CVC-time, sensation-time, and menthol recovery-time interactions. Tukey’s multiple
comparisons tests were conducted where appropriate. Significance was set a priori at α=0.05.
Results

Subject characteristics are presented in table B-1. All 10 young, healthy participants
completed both study 1 and 2.

Data from the menthol dose response are displayed in figure B-1. In the control site,
menthol induced significant vasodilation compared to baseline at all concentrations ≥100mM
menthol (all p>0.05). There were no differences between the three inhibitors. The effect size
between our control site and our treatment sites was large (effect size=1).

Self-reported sensation of menthol over time is shown in figure B-2A. There was a
significant report of menthol sensation from minute 5 to minute 60-post menthol application (all
p>0.05), after which the reported menthol sensation was different compared to baseline. Figure
B-2B. illustrates absolute CVC over time during the topical menthol experiment. Compared to
baseline, menthol application induced cutaneous vasodilation measured at minute 15 and
remained elevated through minute 45 (all p>0.05), however by minute 60 CVC returned to
baseline (p=0.08). The concentration of menthol recovered from dialysate is depicted in figure B2C. Compared to menthol-free baseline samples, menthol was detected at the 30 minute time
point (0.89 ng, p=0.0002). Trace amounts of menthol were detected at each subsequent
measurement, however none of these measures reached statistical significance (all p>0.05).

Discussion

The main findings from this study were that (1) menthol increases cutaneous
microvascular blood flow in a dose-dependent manner, (2) full expression of menthol mediatedvasodilation is dependent on NO, EDHFs, and sensory nerves, and (3) menthol from the
application of a topical analgesic is detectable in dialysate from intradermal microdialysis fibers
30 minutes post-menthol application.

100
We have recently reported that menthol induces cutaneous vasodilation through EDHF
and sensory nerve pathways. In that study we used the physiological stimuli reactive hyperemia
and local heating to induce NO- and EDHF/sensory nerve-dependent vasodilation, respectively
(Craighead and Alexander, 2016). We concluded that EDHFs and sensory nerves contribute to
menthol-mediated vasodilation, but our findings in regard to NO were inconclusive.

In the present study we utilized specific pharmacological inhibitors of NOS, vascular
smooth muscle potassium channels, and sensory nerves. We found that NO, EDHFs, and sensory
nerves all play a role in menthol-mediated vasodilation as inhibition of any individual pathway
attenuated menthol-induced cutaneous vasodilation.

Our finding that menthol-mediated dilation through multiple mechanisms is not
surprising given the physiology of TRPM8 channels. When activated, TRPM8 channels allow the
non-selective flow of cations, including calcium, into the cell. Entrance of calcium into
endothelial cells through vascular TRPM8 channels has the potential to upregulate both NO and
EDHFs. Increased calcium in the endothelium increases NO production by binding to calmodulin
and subsequently activating NOS which then catalyzes the formation of NO from the substrate Larginine (Cohen and Vanhoutte, 1995; Forstermann et al., 1991; Kuchan and Frangos, 1994). In
our study, we utilized L-NAME to competitively inhibit NOS, and thus NO synthesis, and found
that menthol-mediated vasodilation was significantly attenuated.

Calcium entry into the endothelium can also induce downstream activation of
intermediate and small conductance calcium activated potassium channels. Activation of these
potassium channels induces hyperpolarization that is propagated to the vascular smooth muscle
cells via myoendothelial gap junctions. The resulting hyperpolarization relaxes the vascular
smooth muscle and leads to vasodilation (Feletou and Vanhoutte, 2009; Ungvari et al., 2002).
That TEA inhibited menthol-mediated vasodilation suggests that opening of calcium-activated
potassium channels is requisite for menthol-induced vasodilation.

That inhibition of either NO- or EDHF-mediated vasodilation fully attenuated mentholinduced cutaneous vasodilation suggests that there is cross-talk between these two pathways.
Cross-talk between these two pathways has been shown to occur in the cutaneous
microvasculature, albeit in response to reflex vasodilation (Brunt et al., 2013) and sodium sulfide
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(Kutz et al., 2015). The mechanism that would like NO and EDHF-dependent vasodilation with
regards to menthol is not readily apparent and will require further elucidation.

Topical lidocaine may abolish menthol-mediated vasodilation by preventing the opening
of TRPM8 channels (Leffler et al., 2011), or lidocaine-mediated inhibition of sodium channels
may shift the cation flux across TRPM8 to a higher sodium, lower calcium balance, reducing the
stimulus for NO and EDHF-mediated vasodilation.

Due to the cold sensation it elicits, menthol is commonly used in place of ice cryotherapy
with the belief that it induces vasoconstriction. The data in this study add to a large body of
literature that implicates menthol as a vasodilator. These counterintuitive findings are most likely
due to the expression of TRPM8 receptors in sensory nerves (Dhaka et al., 2008) and the
vasculature (Johnson et al., 2009; Yang et al., 2006). It is likely that activation of TRPM8
channels on sensory nerves elicits cool sensations, while vascular TRPM8 receptors mediate
vasodilation.

The second aim of this study was to simultaneously measure the perception of the
coolness sensation induced by menthol, vasodilation, and appearance/clearance over time. Our
results demonstrate that all three of these factors operate along a similar time course. Elevated
concentrations of menthol were measured in the dialysate only 30 minutes after application,
whereas vasodilation and sensation persisted for 45 and 60 minutes, respectively. Based on these
results, it seems likely that the effects of menthol cease soon after it is cleared from the tissue.
Menthol was detected (but not statistically different from baseline) in every sample from time
points 60 to 270 minutes. At these later time points menthol was detected in very low
concentrations and is more likely due to trace contaminants or noise and was of little
physiological consequence, as evidenced by the return of perception and vascular tone to basal
values. It is likely that most of menthol was cleared during this time and that any remaining
menthol was below the threshold of TRPM8 channel activation. For all practical purposes,
menthol was cleared from the skin after the 30 minute measurement and all other measurements
of menthol in dialysate represent full clearance.

These data help to further characterize the effects of menthol on skin blood flow by
utilizing pharmacological techniques to elucidating the vasoactive mechanisms of action and
determining a time course for various characteristics of topical menthol treatment. Menthol based
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topical analgesics in the form of creams and gels are applied directly to the skin. Thus,
investigating vasoactive and sensory mechanisms of menthol in the skin are important for
improving their therapeutic uses. In addition to the mechanistic characterization of the vasoactive
properties of menthol we also measured menthol from dialysate samples after topical application
of a commonly used menthol based gel. It is technically very challenging to collect and analyze
such small volumes and low concentration of menthol. This is a surrogate and most direct
measure to date of the menthol concentration within cutaneous tissue. Future work utilizing this
analytical technique could be used to examine relative delivery and clearance of different
compounds in the skin (i.e. agents with different menthol concentrations or release mechanisms).

Limitations

One limitation of this study was that we were limited in concentration of menthol we
could perfuse through microdialysis fibers due to menthol’s limited solubility in aqueous
solution. While solubility of menthol could have been improved by dissolving it in a 10% ethanol
solution, ethanol has been shown to inhibit TRPM8 (Benedikt et al., 2007), which would have
altered the results. Therefore, we chose not to utilize ethanol in our experimental approach.
DMSO may be a more appropriate solvent for use with menthol, though we did not utilize it in
this study. Consequently, we observed relatively small changes in vasodilation when delivering
menthol through intradermal microdialysis fibers compared to what we observed from topical
menthol application. Despite these differences, our findings were very consistent with our
previous findings (Craighead and Alexander, 2016).

A second limitation is that we did not measure TRPM8 activation. Though menthol is
considered a TRPM8 specific agonist, it does have cross talk with TRPV3 channels, especially at
higher concentrations (Macpherson et al., 2006a). TRPV3 channels are capable of inducing
vasodilation (Murphy et al., 2016; Pires et al., 2015). Therefore, our skin blood flow findings,
especially at higher menthol concentrations, may be due in part to TRPV3 receptor co-activation.
Uncovering the contribution of different TRP channels to menthol-mediated vasodilation require
further investigation.

Importantly, the population for this study consisted of young, healthy participants free of
any chronic disease. These findings may not apply to aged men and women or populations with
cardiovascular disease risk factors (i.e. hypertension, hypercholesterolemia) that express
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decrements in cutaneous microvascular function (Carberry et al., 1992; Holowatz et al., 2011;
Holowatz et al., 2010).

Finally, our measurement of menthol in dialysate possesses a lot of inherent variability.
Topical menthol is first diluted in the cutaneous tissue, and then passively diffuses into the
lactated Ringer’s solution perfusing the intradermal microdialysis fibers. Technical issues such as
the depth of microdialysis fiber insertion or volume of dialysate collected likely contributed to
this variability. Furthermore, the small amounts of menthol measured from minute 60-270 could
be due to (1) incomplete clearance of menthol from the microdialysis fiber between
measurements and not necessarily from menthol diffusing from the cutaneous tissue at these time
points, or (2) trace contaminants or noise from the detection method. None the less, we were able
to demonstrate that menthol is detectable shortly after topical menthol application and that the
pattern of menthol appearance and disappearance in the skin follows a similar patter as menthol’s
effect on skin blood flow.

Conclusion

By using specific pharmacological inhibitors, we confirmed our previous finding that
menthol induces vasodilation through EDHFs and sensory nerves. We also found that menthol
induces NO-dependent vasodilation at thermoneutral skin temperatures. Additionally, we
characterized the time course of perception, vasodilation, and appearance/clearance for topical
menthol. Menthol peaks in the skin after 30 minutes, the vasoactive effects are apparent after 15
minutes and disappear after 45 minutes, while the sensation of menthol begins rapidly and
persists for an hour post application.
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Table B-1

Sex
(M,F)

Age
(y)

Height (m)

5,5

23 ± 1

1.72 ± 0.02

Weight

BMI (kg•m-2)

SBP
(mmHg)

DBP
(mmHg)

Total Chol.
(mg•dL-1)

24.2 ± 1.3

116 ± 4

69 ± 4

158 ± 8

(kg)
71.3 ± 3.4

Table B-1. Subject characteristics. All subjects were young, apparently healthy, and did not
present with any chronic diseases.
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Figure B-1

*†

% C V C m ax

40

30

†

L id o c a in e

20

TEA
L -N A M E
c o n tro l

10

M
0

m

M
5

0

0
2

5

0

m

M
m

M
1

0

0
5

0
1

m

M
m

M
m
1

.1
0

b

a

s

e

li

m

n

e

M

0

M e n th o l D o s e
Figure B-1. Menthol dose response. Menthol elicited increased vasodilation at all
concentrations ≥100mM. Antagonism with any of L-NAME, TEA, or lidocaine prevented
vasodilation. The control site exhibited significantly more vasodilation than the TEA site at all
menthol doses ≥50mM and more than the L-NAME and lidocaine sites at all menthol doses
≥100mM. *p<0.05 between control and L-NAME, † p<0.05 between control and TEA, ‡ p<0.05
between control and lidocaine.
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Figure B-2
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Figure B-2. Perceptual and physiological responses to topical menthol. (A) Self-reported
sensation from topical menthol was significant at every time point between minute 5 and minute
60 post menthol application. (B)Topical menthol significantly increased vasodilation by 15
minutes post-application. Vasodilation remained elevated relative to baseline through minute 45
post-application. (C) Menthol collected from dialysate (ng). Significant menthol was detected at
30 minutes post menthol application. Menthol detection was statistically insignificant at every
following time point. *p<0.05 compared to baseline.
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Appendix C

ACUTE LYSYL OXIDASE INHIBITION AUGMENTS
ENDOTHELIUM DEPENDENT VASODILATION IN YOUNG MEN
AND WOMEN
Introduction

Lysyl oxidase and the lysyl oxidase like (LOXL) 1-4 proteins are a family of enzymes
that catalyze the condensation of vascular collagen and elastin fibers to form fiber cross-links,
subsequently increasing vascular stiffness (Rodriguez et al., 2008). Upregulation of lysyl oxidase
has been implicated to contribute to the pathological increase in vessel stiffness associated with
hypertension in humans and in rat models of hypertension (Arribas et al., 2008; Eberson et al.,
2015; Lopez et al., 2009). However, the effects of lysyl oxidase have not been limited to
alterations in vascular structure. In cell culture models, lysyl oxidase has been found to alter
endothelial function. Specifically, lysyl oxidase activity can be downregulated either by betaaminopropionitrile (BAPN) or low density lipoprotein (LDL). This downregulation of lysyl
oxidase is associated with increased macromolecule exchange across the endothelial monolayer,
suggesting there is an attenuation of endothelial function when lysyl oxidase is inhibited (Alcudia
et al., 2008; Rodriguez et al., 2008).

It is likely that lysyl oxidase must be regulated within a tight window for optimal
vascular health. Elevated lysyl oxidase expression or activity may lead to vascular stiffening,
while downregulation of lysyl oxidase may cause endothelial dysfunction. While lysyl oxidase
inhibition is a potential therapeutic modality to treat vascular stiffness, the potential to induce
endothelial dysfunction equivocates the therapeutic efficacy. Endothelial dysfunction in the
microvasculature is one of the first signs of cardiovascular disease and contributes to end organ
damage (Yannoutsos et al., 2014). Therefore, to understand the therapeutic potential of lysyl
oxidase inhibition, the effects of lysyl oxidase inhibition on both vascular structure and
endothelial function need to be assessed. The human cutaneous circulation is an appropriate
microvascular bed to assess the effects of lysyl oxidase inhibition on endothelial function. The
cutaneous microvasculature is an easily accessible, representative vascular bed (Holowatz et al.,
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2008) which exhibits endothelial dysfunction before dysfunction is apparent in other
microvascular beds (Jung et al., 2013). When paired with intradermal microdialysis, lysyl oxidase
and the LOXL enzymes can be inhibited in localized areas, without systemic effects, negating any
danger of vessel dissection or globalized endothelial dysfunction.

To more fully elucidate our understanding of lysyl oxidase as a potential therapeutic
target in men and women with hypertension, this study sought to examine the effects of acute
lysyl oxidase inhibition on endothelium-dependent vasodilation in young, middle-aged
normotensive, and essential hypertensive men and women. It was hypothesized that in groups
with normal lysyl oxidase expression (young and middle-aged normotensive), acute inhibition of
lysyl oxidase would attenuate endothelium-dependent cutaneous vasodilation, likely by
decreasing lysyl oxidase expression below normal physiological levels. However, in a group with
over expressed lysyl oxidase (essential hypertensive), acute lysyl oxidase inhibition would not
induce endothelial dysfunction.

Methods

This study was run in conjunction with the study outlined in chapter 4 of this dissertation.
The study was approved by the institutional review board at The Pennsylvania State University
and conformed to the guidelines set forth in the Declaration of Helsinki. Voluntary written and
verbal consent was obtained from each subject prior to participation in the research.

Participants
Participants completed a medical screening including a review of their health history,
blood pressure screening, and blood lipid and chemistry analysis (Quest Diagnostics). Middle
aged participants also underwent blood pressure assessment with a 24-hour ambulatory monitor
to confirm blood pressure status.

Three groups of participants were recruited to participate in this study. Young (18-30
years), essential hypertensive, and age matched normotensive (both 40-75 years). Blood pressure
status was confirmed according to JNC7 guidelines with each participant presenting with a seated
SBP ≥140 mmHg or DBP ≥90 mmHg on at least two separate occasions (Chobanian et al., 2003).
Blood pressure status was confirmed through use of a 24-hour ambulatory blood pressure monitor
(Ambulo 2400, Mortara Instruments) that measured blood pressure every 30 minutes during the
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waking hours and every hour during sleep. Due to the inclusion of sleeping hours, blood pressure
from 24-hour monitors is less than what is observed during seated blood pressure measurement.
Thus, hypertensive status was confirmed from ambulatory monitor data if average SBP was ≥130
mmHg and/or DBP was ≥80mmHg (Mozaffarian et al., 2016). Other than high blood pressure in
the hypertensive group, all participants were apparently healthy, did not smoke, and were not
taking medications with vascular effects. All premenopausal women were normally menstruating
and were studied either during the early follicular phase (days 1-7) or during the placebo phase if
they were taking hormonal birth control. Postmenopausal women were not taking hormone
replacement therapy. All participants refrained from consuming alcohol and caffeine, and from
exercise, for 12 hours before the study.

Microdialysis
Two intradermal microdialysis fibers (55-kDa cutoff, CMA) were placed into the dermal
layer of the ventral forearm as previously described (Smith et al., 2011; Stanhewicz et al., 2012).
Pharmacological agents were mixed just before use, dissolved in lactated Ringer’s solution, and
filtered with a syringe microfilter (Acrodisc; 0.2μm filter). Treatment applied to the microdialysis
sites was randomly assigned. One microdialysis site received a 2 hour pretreatment with 10mM
BAPN (Sigma-Aldrich) to inhibit lysyl oxidase and LOXL 1-4, while the other site was perfused
with lactated Ringer’s to serve as control. Pilot testing showed that 10mM BAPN was an
appropriate dose that did not cause baseline vasodilation and that 2 hours was sufficient time for
BAPN to take effect. Pharmacological agents were perfused through the fibers at a rate of
2μL/min (BASi Bee Hive controller and Baby Bee syringe drive).
The 2 hour pretreatment with BAPN provided ample time from the resolution of
hyperemia from microdialysis fiber placement. After pretreatment, local heating units (Moor
Instruments) were placed over each microdialysis site and were set to thermoneutral skin
temperature (33⁰C). A laser Doppler flowmeter probe (Moor Instruments) was placed in each
local heating until to continuously measure red cell flux.

After 2 hours, baseline flux was measured for approximately 15 min, then each
microdialysis fiber was perfused with increasing doses of acetylcholine (ACh: 10-10-10-1 M) in 5
minute increments. ACh induces vasodilation that is endothelium-dependent (Algotsson et al.,
1995; Holowatz et al., 2005) and was used to assess micovascular endothelial function. ACh
applied to the BAPN-pretreated site was mixed with 10mM BAPN to maintain lysyl oxidase
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inhibition throughout the protocol. Once the final dose of ACh (10-1M) had perfused for 5 min,
local temperature was raised to 43⁰C at a rate of 0.5⁰C•5s-1 and 50mM SNP was perfused at a rate
of 4μL/min to elicit maximum cutaneous vasodilation (Holowatz et al., 2005; Smith et al., 2011).

Time course experiment
To determine if the vasoactive effects of lysyl oxidase inhibition occurred rapidly
(minutes) or accrued over time (hours), a time course experiment was performed in a subset 5 of
young subjects on a separate day from the dose-response protocol. One intradermal microdialysis
fiber was placed in the ventral forearm and was perfused with lactated Ringer’s until the
resolution of insertion hyperemia (60-90 minutes). The site was perfused with 10-3 M ACh. This
dose was chosen as it approximates the ED50 for ACh-mediated vasodilation observed during the
dose-response protocol. Bolus doses of ACh were perfused at 4μL/min for 5 min. A liquid switch
(CMA 110) was used to switch from lactated Ringer’s to ACh perfusion without altering
perfusion pressure. After 5 minute of ACh perfusion, 10mM BAPN was perfused for 30 minutes.
After 30 minutes of BAPN perfusion, ACh was perfused for another 5 minutes. This process was
repeated twice more so that in total ACh-mediated vasodilation was measured once before BAPN
treatment and after 30-, 60-, and 90-minutes of BAPN perfusion. After completion of the final
bolus dose of ACh, local temperature was set to 43⁰C and 50mM SNP was perfused at a rate of
4μL/min to elicit maximum cutaneous vasodilation.
Statistical Analysis
Skin blood flow data were sampled at 40Hz with WinDaq data acquisition software
(DATAQ Instruments). Blood pressure was measured every five minutes via brachial auscultation
(CardioCap5, General Electric). Skin blood flow data were stored offline on a personal computer
for later analysis. Red cell flux was normalized to cutaneous vascular conductance (CVC:
flux/mean arterial pressure) and expressed as a percentage of site specific maximum obtained
from SNP/43⁰C heat (%CVCmax) (Holowatz et al., 2005; Smith et al., 2011).

Pharmacological curve modeling for the ACh dose-response was performed using
GraphPad Prism 7.01. Four parameter logistic regressions with variable slopes and no constraints
were used to compare LogEC50s. Comparisons were made with an extra sum-of-squares F test.
Absolute maximum CVC was compared with a paired T-test. Time course data were analyzed
with a one-way repeated measures ANOVA. Alpha was set at p=0.05 for statistical differences.
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Results

Subject characteristics are shown in table C-1. Groups were well matched. By design, the
young group was younger than the normotensive and hypertensive groups. SBP, DBP, and MAP
were all significantly higher in the hypertensive group compared to the young and normotensive
groups. Total cholesterol was higher in the hypertensive group relative to the young group. LDLcholesterol was higher in both the middle-aged normotensive and essential hypertensive groups
relative to the young group. However, subjects were not hypercholesterolemic and all groups had
cholesterol within the clinically normal range (HHS, 2005).

Values for absolute maximum CVC are depicted in table C-2. There were no differences
in maximum CVC between sites within groups, therefore all dose-response and time course data
were expressed as %CVCmax. ACh-mediated vasodilation is shown in figure C-1. Lysyl oxidase
inhibition with BAPN significantly decreased the LogEC50 for ACh-mediated vasodilation in the
young group (LogEC50 ACh: -3.65, ACh + BAPN: -4.34; p=0.03), signifying an increased
sensitivity to ACh with lysyl oxidase inhibition. There was no change in LogEC50 for AChmediated vasodilation in either the normotensive group (LogEC50 ACh: -3.41, ACh + BAPN: 3.74; p=0.47) or hypertensive group (LogEC50 ACh: -2.61, ACh + BAPN: -2.48; p=0.65). Data
for the time course study are depicted in figure C-2. There was no change in ACh-mediated
vasodilation at any time point during the time course experiment (p=0.42).

Discussion

The main finding from this study was that acute inhibition of the lysyl oxidase family of
enzymes with BAPN sensitized ACh-mediated endothelium dependent vasodilation in young
healthy subjects, but not middle-aged normotensive or essential hypertensive subjects. This
finding is contrary to my hypothesis that inhibition of lysyl oxidase in young and normotensive
subjects would attenuate endothelium-dependent vasodilation. Surprisingly, these data suggest
that lysyl oxidase inhibition increases vasodilatory sensitivity to ACh just in young healthy
subjects, who presumably have intact endothelium.

The physiological mechanism for this finding is not immediately clear. Alcudia et al.
found that lysyl oxidase inhibition with either BAPN or LDL cholesterol attenuated endothelial
function in a cell culture model (Alcudia et al., 2008). However, the in vivo functional data from
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this study were contrary to the cell culture data from Alcudia et al.. That the sensitization to ACh
is lost in the middle-aged normotensive group suggests that this effect is not a function of
hypertension but instead is mediated by the transition into middle age. Differential skin blood
flow responses have been observed between young and middle-aged men and women (Bruning et
al., 2012), however the mechanism through which lysyl oxidase inhibition augmented
endothelium-dependent vasodilation in the young subjects is not readily apparent and remains to
be determined.

Hydrogen peroxide (H2O2) is produced as a byproduct of the enzymatic reactions of lysyl
oxidase and LOXL 1-4 (Rodriguez et al., 2008). H2O2 is a vasoactive molecule that has both
vasodilator and vasoconstrictor properties. H2O2 can elicits vasodilation by acting as an EDHF
(Feletou and Vanhoutte, 2009) and has been found to be involved in ACh-mediated vasodilation
in human intestinal microvessels (Hatoum et al., 2005). However, incubation of endothelial cells
with H2O2 can attenuate ACh-mediated vasodilation (Witting et al., 2007). The decrease in H2O2
bioavailability caused by lysyl oxidase inhibition may be contributing to the finding of increased
ACh-sensitivity in young subjects. However, further research is necessary to elucidate the role of
H2O2 in these findings.
Based on information from cell culture research, circulating LDL cholesterol has the
potential to inhibit lysyl oxidase. Prior inhibition of lysyl oxidase via elevated basal LDL
cholesterol would negate the effect of BAPN treatment. Therefore, the significantly higher serum
LDL concentrations in the middle-aged and hypertensive groups, relative to the young group,
could be responsible for the finding that lysyl oxidase inhibition only altered endotheliumdependent vasodilation in the young group of subjects. However, LDL cholesterol has only been
shown to inhibit lysyl oxidase at atherogenic concentrations (Alcudia et al., 2008), while all three
groups in this study have clinically normal LDL cholesterol. In the companion study to this
project (dissertation chapter 4), I found that lysyl oxidase inhibition with BAPN augmented NEmediated vasoconstriction in our middle-aged subjects, suggesting that lysyl oxidase was not preinhibited via LDL cholesterol or any other mechanism. This suggests that these findings are not
due to the inhibitory effects of LDL cholesterol on lysyl oxidase.

There was no observed effect of lysyl oxidase inhibition in the time course data. These
data were all collected within the first 90 minutes of BAPN perfusion while the ACh doseresponse data were collected after >2 hours of BAPN perfusion. This would suggest that effects
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of lysyl oxidase inhibition on the endothelium do not occur rapidly and instead occur after at least
90 minutes. However, use of only a single dose may have obscured the results.

The main limitation of this study is that only a very short duration of lysyl oxidase
inhibition was examined. However, since prolonged systemic lysyl oxidase inhibition can result
in aortic dissection in animal models (Li et al., 2013; Nakashima and Sueishi, 1992), an acute
localized intervention was a prudent first step for in vivo human research. These findings will
help inform study design for chronic intervention studies.

The main finding was the acute inhibition of lysyl oxidase increased vasodilator
sensitivity to ACh in the cutaneous microvasculature of young, healthy men and women, but not
in middle-aged normotensive or essential hypertensive subjects. While the mechanism(s)
responsible for these findings require further elucidation, the results are encouraging from a
clinical standpoint. Most importantly, there was no observed attenuated endothelial function in
any group with lysyl oxidase inhibition. That augmented endothelial function was observed in the
young group suggests that there may be potential endothelial-beneficial effects of lysyl oxidase
inhibition that remain to be uncovered. This supports the role of lysyl oxidase as a potential
therapeutic target to treat vascular stiffness. Future studies should examine chronic lysyl oxidase
inhibition to determine the prolonged effects.
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Table C-1. Subject Characteristics (mean ± SE).
Young

Middle-aged

Hypertensive

Sex (M,F)

6,4

5,5

4,6

Age (y)

24 ± 1

50 ± 2†

53 ± 2†

BMI (kg•m-2)

25.0± 1.3

27.3 ± 1.0

27.2 ± 1.4

SBP (mmHg)

117 ± 3

110 ± 2

147 ± 2*†

DBP (mmHg)

70 ± 2

71 ± 1

92 ± 3*†

MAP (mmHg)

87 ± 2

84 ± 2

112 ± 2*

Total Chol. (mg•dL-1)

162 ± 9

183 ± 6

207 ± 9†

LDL Chol. (mg•dL-1)

84 ± 6

114 ± 5†

124 ± 8†

*P<0.05 compared to middle-aged subjects. †P<0.05 compared to young subjects.

†
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Table C-2. Maximum CVC (mean ± SE).
Group

ACh

ACh + BAPN

p-value

Young

1.73 ± 0.14

1.68 ± 0.19

0.79

Middle-aged

1.60 ± 0.24

1.65 ± 0.32

0.89

Hypertensive

1.50 ± 0.16

1.46 ± 0.21

0.87
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Figure C-1. ACh dose-response and pharmacological curve modeling in young, middle-aged
normotensive, and essential hypertensive subjects. Curves are shown for ACh alone (closed) and
ACh plus BAPN (open). Lysyl oxidase inhibition with BAPN significantly decreased the
LogEC50 for ACh mediated dilation in the young, but not middle-aged or hypertensive, subject.
* Main effect of BAPN (p<0.05).
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Figure C-2. Vasodilation in response to bolus doses of ACh prior to lysyl oxidase inhibition and
after 30, 60, and 90 minutes of lysyl oxidase inhibition. Data are from a subset of 5 young
participants. There was no statistical difference between any time points.
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Appendix D
INFORMED CONSENT FORMS

CONSENT FOR RESEARCH
The Pennsylvania State University
Title of Project: Mechanisms of Menthol-Induced Cutaneous Vasodilation IRB #3934
Principal Investigator: Daniel H. Craighead
Address: 229 Noll Laboratory, University Park, PA 16802
Telephone Number: 814-863-8557
Advisor: Dr. Lacy M. Alexander
Advisor Telephone Number: 814-867-1781
Subject’s Printed Name: _____________________________
We are asking you to be in a research study. This form gives you information about the
research.
Whether or not you take part is up to you. You can choose not to take part. You can agree to
take part and later change your mind. Your decision will not be held against you.
Please ask questions about anything that is unclear to you and take your time to make your
choice.
1. Why is this research study being done?
Purpose: Menthol is a common ingredient is many products applied to the skin as well as in foods
containing mint flavor. Menthol causes a cold feeling, but we aren’t sure what it does to blood flow.
Some data suggest that menthol applied to the skin increases blood flowing to the skin.
With an estimated one third of the population hypertensive, high blood pressure is a common
problem among adults in The United States. High blood pressure increases one’s risk for serious
health problems. People with high blood pressure are at a greater risk of stroke and developing
cardiovascular disease (CVD). CVD is one of the leading causes of death among people in the
world. Treatment for high blood pressure includes giving drugs that make blood vessels bigger.
Compared to menthol, these other drugs are expensive and cause some serious side effects.
This research looks at how menthol makes blood vessels get bigger in both people with normal
blood pressure and people with high blood pressure, as a first step in determining if menthol
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can treat high blood pressure. To do this we give menthol to a small area of skin on your arm
and look at how blood flow changes in that area.
This study includes the use of some research drugs: L-NAME, TEA, SNP, menthol (see section 3
on page 4). These drugs are not approved by the FDA to treat disease. However the FDA has
approved our use of the drugs for this study. Menthol will likely increase blood flow, while the
other drugs will block some of menthol’s effect. We use these drugs in nickel-sized areas of skin
on your arm. Once in your skin, the drugs breakdown rapidly and don’t travel to the rest of your
body. All of the drugs have been used in humans before.
To put the drugs into the skin we use a technique called “microdialysis” (MD). This involves
inserting a very small tube into your skin. The tubing acts like a capillary and has holes in it that
allows the drugs to move into the skin. Researchers using MD have shown that the drugs stay
very close to the tubing, affecting only a small area. Our group and others have used these drugs
in research studies on people without problems. The following sections have a more complete
description about MD.
We are asking you to be in this research because you fit our criteria for being a subject.
Approximately 42 people will take part in this research study in our lab. A third of the people
completing this study will have high blood pressure.
2. What will happen in this research study?
We may ask you to repeat a trial, procedure, or test. This could happen for many reasons such
as equipment failure, power outage, inconclusive test results, etc. You do not have to repeat a
trial, procedure, and/or test if you do not wish to do so.
Initial Visit 1. Blood Pressure Visit
You wear a monitor to record your blood pressure for 24 hours. The monitor has a cuff that goes
around your arm. The cuff inflates once every 20 minutes during the day and once every hour at
night. A control unit hangs on a strap around your waist or on your shoulder. You may return the
monitor during another visit such as the screening.
Initial Visit 2. Screening
You drink only water and do not eat for 12 hours before your screening. Report to Noll lab. The
research nurse and/or Clinical Research Center (CRC) staff perform the screening. The staff
measures your height, weight, blood pressure (BP), and heart rate (HR). They measure waist
circumference. The staff reviews your medical history. The staff draws 30 ml (2 Tbsp) of blood
from a vein in your arm. If you take thyroid medicine, we draw 3.5 ml (0.2 Tbsp) more blood for
a thyroid test. We send the blood sample to a lab to see if the proteins, blood cells, electrolytes,
etc. are within normal levels. We may test the blood for other substances of interest. We do not
perform genetic tests on the blood. We do not test the blood for the presence of disease (e.g.
HIV). If you are a woman of childbearing-age, you submit a urine sample for a pregnancy test.
Initial Visit 3. Microdialysis (MD) Experiment One
You do not drink fluids that contain caffeine (i.e. coffee, tea, Coca Cola, etc.) for 12 hours before
the experiment. You may eat your typical breakfast. When you arrive at the laboratory, you
wash your forearm and pat it dry. You recline on a bed. We will then measure your blood
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pressure and heart rate; we will also measure your body temperature with a thermometer that
you put under your tongue.
PWV Experiment: Next we measure your pulse wave velocity (PWV), a measure of how stiff your
large blood vessels are. To do this we put four blood pressure cuffs on you, one on each upper
arm and one on each ankle. A heart rate monitor is also placed on your chest, above your
clothing. The four cuffs squeeze for about 30 seconds and then deflate. We wait a few minutes
then repeat this measure two more times. After we measure your PWV for a third time, we
remove the cuffs and heart rate monitor. Then we prepare the MD sites on your arm.
We insert 4 MD tubes into the skin on your arm.
Inserting Microdialysis Tubing: We place a tight band around your upper arm so we can easily
see your veins. For each MD site, we make pairs of pen-marks on your arm 2.5 cm (1 inch) apart
and away from veins. We remove the tight band. The MD tubing will enter and exit your skin at
the marks. We clean your arm with an orange-colored iodine and alcohol. We place an ice bag
on your arm for 5 minutes to numb your skin. Then we insert a thin needle into your skin at each
entry mark. The needle’s tip travels between the layers of skin for 2.5 cm (1 inch) and leaves
your skin at the matching exit mark. We thread the tubing through the needle. Next, we
withdraw the needle leaving the tubing in your skin. It is normal for the skin around the tubing
to be slightly red after this, but the redness subsides in about 60 – 120 minutes. The treatments
at the four MD sites are:
1. Lactated Ringer’s + Menthol
2. Lactated Ringer’s + Menthol + L-NAME
3. Lactated Ringer’s + Menthol + TEA
4. Lactated Ringer’s + Menthol with lidocaine applied over the skin
Menthol Dose-Response Experiment: When the redness of your skin around the tubing
subsides, a probe and holder will be placed over each MD site. The holders are set at 33⁰C
(91.4⁰F). We start the flow of lactated Ringer’s through all four sites. In one site, lactated
Ringer’s is mixed with NG-nitro-L-arginine methyl ester (L-NAME), in another it is mixed with
tetraethylammonium (TEA). L-NAME and TEA work differently to prevent menthol from making
your blood vessels get bigger. At the fourth site, lidocaine, a sensory nerve blocker, is applied
over the skin.
After about one hour we add menthol to the sites. Menthol will make your blood vessels get
bigger. We switch between fluids containing different amounts of menthol. We use up to 7
different amounts of menthol. At the end, we add a high dose of SNP and heat the skin to 43⁰C
(109.4⁰F) at all sites to produce maximal skin blood flow.
Initial Visit 4. Microdialysis (MD) Experiment Two
You do not drink fluids that contain caffeine (i.e. coffee, tea, Coca Cola, etc.) for 12 hours before
the experiment. You may eat your typical breakfast. When you arrive at the laboratory, you
wash your forearm and pat it dry. You recline on a bed. We will then measure your blood
pressure and heart rate; we will also measure your body temperature with a thermometer that
you put under your tongue.
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Inserting Microdialysis Tubing: We insert two MD fibers with the same technique we used in
microdialysis experiment one. Both sites are treated with lactated Ringer’s
Dialysate Collection Protocol: After about one hour we apply less than 6 milliliters of a menthol
containing gel to the forearm over the MD sites. The forearm is then covered with a plastic
covering to prevent the menthol gel from evaporating. A probe and holder will be placed over
each MD site. The holders are set at 33⁰C (91.4⁰F). We then continuously measure skin blood
flow and collect the fluid flowing out of the MD fibers. Later this fluid will be analyzed to see
how much menthol got into the skin. We collect the fluid for up to two hours.
3. What are the risks and possible discomforts from being in this research study?
Microdialysis: The risks are less than that for a blood draw because microdialysis uses only a
small, localized area of skin. In contrast, a blood draw involves the skin, large blood vessels, and
blood. You will probably experience a small amount of pain and bruising. However, ice will be
used to numb your arm during insertion of the tubing. Also, we use a very small needle to
reduce pain during placement of the tubing. You will probably not have pain after the tubing is
in place. You may feel a little pain when the tubing is removed from your skin. You may be
nervous about needles. If so, your blood pressure and heart rate may increase for a little while.
You may also feel lightheaded, sick to your stomach, or may faint. Sometimes the tubing can
break during removal from your skin. Then we remove the tubing by pulling on the other end of
it. This produces no additional risk for you. The tubing could break so that a small piece is left
under your skin. If this happened, we would treat any tubing remaining in your skin like a
splinter. In this case, the thin layer of skin over the tubing may have to be cut to allow removal.
Mild pressure with sterile gauze stops any slight bleeding that may occur. Infection is possible,
but has never occurred in our lab or others that we know of. Sterile techniques and supplies like
those used in hospital keep the risk minimal. We apply a sterile bandage after the experiment.
We tell you how to take care of the site.
Fluid flowing through the tubing: The substances flowing through the tubing only go to a nickelsized area of skin at each tubing site. The amount that enters the skin is very small. However,
there is a chance you could have a bad reaction to the substances. This reaction could cause
redness, itching, rash, and/or swelling. A worse reaction could also cause fever, breathing
problems, changes in pulse, convulsions, blood pressure change and/or fainting. If a bad
reaction should occur, we get assistance from the research nurse or medical staff of the CRC.
We call 911 right away if the reaction is worse.
Lactated Ringer’s Solution: This fluid is similar to the natural fluids in your skin. This fluid
contains salt, potassium, lactate, and chloride. The acid content is like that of your
body’s fluids. A bad reaction to this fluid is highly unlikely.
Menthol: Menthol will cause your blood vessels to get bigger. Only a very small amount
of this substance enters the nickel-sized area of skin around the tubing. Menthol has
been used in human research before and is not likely to cause any adverse reactions.
L-NAME, TEA, and SNP: These drugs either cause your blood vessels to dilation (SNP) or
prevent some degree of dilation from menthol (L-NAME, TEA). Only small amounts of
these substances enter the nickel-sized area of skin around the tubing. We and other
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researchers have used these substances in human skin. There have been no reports of
bad reactions.
Lidocaine: Lidocaine cream is commercially available and sold over the counter. You will not
use it if you are sensitive to it. Anbesol and Orajel are common drugs similar to lidocaine. When
you use the cream, all feelings within the treated area are blocked. Therefore, you must avoid
scratching, rubbing, or exposing the treated sites to very hot or cold temperatures at until
complete sensation has returned. During or right after the cream is applied, mild swelling, skin
redness or strange feelings may develop at the site of treatment. In studies on intact skin of
cream-treated subjects, one or more such local reactions were noted in 56% of patients. The
reactions were mild and short-lived. The reactions stopped without help in 1 or 2 hours. No
serious reactions resulted from the use of the cream. Allergic reactions, although rare, can
occur. Whole body adverse reactions from correct use of the cream are unlikely due to the
small dose absorbed. If effects do occur, they are like those seen with other local numbing
agents. These may include feeling faint, nervous, dizzy, or sleepy. You could also have
twitching, and vomiting. Reactions may be brief or not all.
Menthol-based Gel: Menthol-based gels are sold commercially as topical pain relievers for joint
pain, backache, strains, etc. Chiropractors, athletic trainers, physical therapists, etc. may use
menthol-based gels in their practices. The commercially available menthol-based gel used in
this study contains the following “active ingredients.”
Menthol is extracted from peppermint and other oils. You can find menthol in chewing
gum, toothpaste, mouthwash, sore throat lozenges, etc.
Camphor is extracted from the camphor laurel tree and has a strong aroma. Camphor is
found in anti-itch gels and Vicks VapoRub, and is used as a flavoring in some Asian
foods.
Ilex is an extract from the plant, yerba mate. People in many Spanish-speaking
countries brew the leaves of yerba mate into a drink that tastes like green tea. We use
the standard menthol-based gel and the gel without ilex because the ilex may affect our
results.
Although uncommon, it is possible that you could have an allergic reaction to the gel. A reaction
could produce redness, itching, rash, and/or swelling. Allergic reactions to menthol gels are
more common when applied to broken skin. The researchers do not apply the gels to broken
skin. There have been rare reports of mild to severe chemical burns from menthol-based gels.
The burns occurred in <1% of people using the gels. In this study, the gel remains on your skin
for only 5 minutes. This further reduces the chance of a burn. No one has reported receiving
burns from the gel that we use in this study.
Laser Doppler Flowmetry: Weak lasers can hurt your eye if you stare into the light for a long
time. We do not turn on the laser until the probes are taped to a surface. The tape may irritate
your skin.
Blood Pressure (manual, CardioCap): The researchers measure blood pressure with the method
used in a doctor’s office and they can use a machine. A cuff inflates on the upper arm. As the
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cuff slowly deflates, the researchers listen with a stethoscope at the bend in the elbow or the
machine (CardioCap) takes a reading. During the short time the researchers inflate the cuff; your
arm may feel numb or tingly. The cuff could cause mild bruising.
Povidone Iodine: Researchers and hospitals use this orange-colored fluid to clean the skin. You
could have a bad reaction to this if you are allergic to iodine. You inform us if you have this
allergy. In this case, we use only alcohol instead. A bad reaction could cause redness, itching,
rash, and/or swelling. A worse reaction could also cause fever, breathing problems, changes in
pulse, convulsions, and/or fainting.
Blood Draw: Blood draws often cause mild pain, bruising, swelling, or bleeding. There is also a
slight chance of infection or a small clot. If you are nervous about needles, your blood pressure
and heart rate may increase for a little while. You may also feel lightheaded, sick to your
stomach, or may faint. Using the same techniques used in hospitals keeps the chance of
infection minimal. Do not exercise hard for 24 hours before a blood draw.
Tape and sticky disks: The tape or sticky disks could cause a rash. During screening, you tell us if
you are sensitive to tape. If a disk sticks very strongly, removing the disk could cause an abrasion
like a rug-burn on your skin. An abrasion can feel tender or slightly painful, and can increase risk
of infection. If you are sensitive to tape, you may have an increased chance for abrasion. An
abrasion has occurred only twice during the years that the disks have been used in similar
studies in our lab. We may use an adhesive remover like that used in a doctor’s office to remove
the disks. If you get an abrasion a nurse checks the site. Antibiotic ointment and a sterile
bandage are applied. We tell you how to take care of the site. You could have an allergic
reaction to the adhesive remover. The reaction could include rash, itching, fever, or breathing
problems. Also, it could include changes in pulse, and/or blood pressure, convulsions, shock,
and/or fainting. If a bad reaction should occur, we summon medical help right away.
Medical Screening: You may feel shy about giving health information. The staff collects the
information in a private and professional manner. You may feel shy about being measured. You
may request someone of the same sex to conduct the screening.
Initial screening form: Only members of our lab group use this form. We use the form to help
decide whether you are a good candidate for the study. You may feel shy about answering
questions. You may request someone of the same sex to ask you the questions. We collect the
information in a private and professional manner. We keep the completed forms confidential
and secure.
ECG Heart Rate (CardioCap): This machine measures the electrical activity of your heart. You
have 3-12 wires from the machine taped to spots on your chest. There have been no adverse
effects. The tape may irritate.
Local heating: We measure the temperature of your skin under the holders. During heating, the
skin feels very warm but will not hurt. The heating makes the skin under the holder red like
when you take a hot bath. The redness goes away within several hours. Some people may be
more sensitive to heating. If your arm feels too hot, tell us, and we reduce or stop the heating.
Latex: Some gloves and medical materials are made of latex rubber. You will inform us if you are
allergic to latex and decline to participate in the study.
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Pulse Wave Velocity: The arm or leg may feel tingly when the machine inflates the cuffs. The
cuff could cause mild bruising. The researcher is trained in the technique and will minimize the
duration of cuff inflation.
Ambulatory Blood Pressure: You wear the device for 24 hours to collect blood pressure. The
device uses AA or rechargeable batteries for power. We place a cuff on your upper arm. We
attach the control unit to the cuff. We hang the unit from strap on your shoulder or around your
waist. The controller takes a measure every 20 minutes during the day and once every hour at
night by making the cuff inflate, taking a reading, and deflating the cuff. You need to stay as still
as possible and relax your arm on a flat surface. You need to keep the system dry and properly
attached for the whole 24-hours. This could be a bother to you. The unit may interfere with
daily routines such as showering and sleeping. The control unit prevents the cuff from inflating
too high (more than 300 mmHg) or too long (more than 180 seconds). Disconnect the rubber
hose from the control unit to let the air out of the cuff if the batteries should fail while the cuff is
inflated. You could have an allergic reaction in the area of the cuff caused by the cuff’s fabric.
The reaction could include itching, rash, and/or swelling. The pressure of the cuff on your skin
could cause one or several small reddish or purplish spots to form in the skin. Usually these are
harmless and will disappear in a few days. However, the spots could lead to a sudden, longer
lasting bruising or inflammation of a vein. The pressure of the cuff could cause bruising. You will
tell us whether you bruise easily. If you bruise easily, you will not use the monitor. We will give
you verbal and written instructions.
There is a risk of loss of confidentiality if your information or your identity is obtained by someone
other than the investigators, but precautions will be taken to prevent this from happening. The
confidentiality of your electronic data created by you or by the researchers will be maintained to
the degree permitted by the technology used. Absolute confidentiality cannot be guaranteed.
4. What are the possible benefits from being in this research study?
4a. What are the possible benefits to you?
You will receive a medical screening providing information about your physical well-being,
such as your current blood pressure and blood cholesterol levels. You could gain knowledge
about how your body works.
4b. What are the possible benefits to others?
High blood pressure is a highly prevalent disease, affecting an estimation one third of the
population. High blood pressure can lead to heart failure and strokes. Information gained in
this experiment will help improve our understanding of changes that take place with high
blood pressure and could help uncover new treatments for high blood pressure. This project
will also provide additional training and partial fulfillment of degree-work for graduate
students of Penn State University.
5. What other options are available instead of being in this research study?
You may decide not to participate in this research.
6. How long will you take part in this research study?
Blood Pressure Monitor
24 hours
Screening Visit
no longer than 1 hour
Microdialysis Experiment 1
no longer than 5 hours
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Microdialysis Experiment 2

no longer than 4 hours

Total: 34 hours, maximum (4 visits maximum)
7. How will your privacy and confidentiality be protected if you decide to take part in this
research study?
Efforts will be made to limit the use and sharing of your personal research information to
people who have a need to review this information.
• A list that matches your name with your code number will be kept in a locked file or
password protected computer in a room that is locked when unoccupied. Only
authorized lab group members have access to the list.
•

Your research records will be labeled with your code number and will be kept in a locked
file or password protected computer in a room that is locked when unoccupied.

•

Your research samples will be labeled with your code number and will be stored in a
dedicated freezer in Noll Lab until analysis.

•

For search specimens sent to the Penn State Chemical Ecology Laboratory for outside
analysis, you will be identified by your code number. Members of this outside entity will
not be able to match the code number to you.

In the event of any publication or presentation resulting from the research, no personally
identifiable information will be shared.
We will do our best to keep your participation in this research study confidential to the extent
permitted by law. However, it is possible that other people may find out about your
participation in this research study. For example, the following people/groups may check and
copy records about this research.
• The Office for Human Research Protections in the U. S. Department of Health and
Human Services
• The Institutional Review Board (a committee that reviews and approves research
studies) and
• The Office for Research Protections.
Some of these records could contain information that personally identifies you. Reasonable
efforts will be made to keep the personal information in your research record private.
However, absolute confidentiality cannot be guaranteed.
8. What are the costs of taking part in this research study?
8a. What will you have to pay for if you take part in this research study?
None
8b. What happens if you are injured as a result of taking part in this research study?
In the unlikely event you become injured as a result of your participation in this study,
medical care is available. It is the policy of this institution to provide neither financial
compensation nor free medical treatment for research-related injury. By signing this
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document, you are not waiving any rights that you have against The Pennsylvania State
University for injury resulting from negligence of the University or its investigators.
9. Will you be paid or receive credit to take part in this research study?
Microdialysis Experiment 1: $15.00 for each of the microdialysis probes inserted (maximum
$60.00) + $20 for completing the microdialysis experiment.
Microdialysis Experiment 2: $15.00 for each of the microdialysis probes inserted (maximum
$30.00) + $20 for completing the microdialysis experiment.
Total = $130
For each trial, we pay you the amount of money equal to the part of the trial that you
complete. For instance, if you complete only half of Experiment 1, we pay you for each
probe that we insert plus $10.00 for that trial. This is because $10.00 is one-half of $20.00.
We may ask you to repeat a trial. If you agree to repeat a trial, we pay you for the repeated
trial as stated above. We reimburse mileage for those who live 20 or more miles from Noll
Lab at the rate set by current PSU policy.
Total payments within one calendar year that exceed $600 will require the University to
report these payments to the IRS annually. This may require you to claim the compensation
that you receive for participation in this study as taxable income.
It is possible that your research information and/or specimens may be used to develop
products or tests that could be patented and licensed. There are no plans to provide
financial compensation to you should this occur.
10. Who is paying for this research study?
NA
11. What are your rights if you take part in this research study?
Taking part in this research study is voluntary.
 You do not have to be in this research.
 If you choose to be in this research, you have the right to stop at any time.
 If you decide not to be in this research or if you decide to stop at a later date, there will
be no penalty or loss of benefits to which you are entitled.
The person in charge of the research study or the sponsor can remove you from the research
study without your approval. Possible reasons for removal include if the researcher deems that
your health or behavior adversely affects the study or increases risks to you beyond those
approved by the Institutional Review Board and agreed upon by you in this document. You may
decline to answer certain questions. You may decide not to comply with certain procedures.
However, your being in the study may be contingent upon answering these questions or
complying with the procedures.
During the course of the research you will be provided with any new information that may affect
your health, welfare or your decision to continue participating in this research.
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If you withdraw from the study, the data collected to the point of withdrawal remains part of
the study database and may not be removed.
12. If you have questions or concerns about this research study, whom should you call?
Please call:
• Study Head, Daniel H. Craighead
(W: 814-863-8557, M: 607-279-9848)
• Advisor, Lacy M. Alexander, Ph.D.
(W: 814-867-1781, H: 814-880-9217)
• The research nurse, Susan Slimak RN
(W: 814-863-8556, H: 814-237-4618)
• Dr. Alexander’s assistant, Jane Pierzga
(W: 814-865-1236, H: 814-692-4720)
if you:
 Have questions, complaints or concerns about the research.
 Believe you may have been harmed by being in the research study.
You may also contact the Office for Research Protections at (814) 865-1775,
ORProtections@psu.edu if you:
 Have questions regarding your rights as a person in a research study.
 Have concerns or general questions about the research.
 You may also call this number if you cannot reach the research team or wish to offer
input or to talk to someone else about any concerns related to the research.
INFORMED CONSENT TO TAKE PART IN RESEARCH
Signature of Person Obtaining Informed Consent
Your signature below means that you have explained the research to the subject or subject
representative and have answered any questions he/she has about the research.
______________________________
_________
________________
Signature of person who explained this research Date
Printed Name
(Only approved investigators for this research may explain the research and obtain informed
consent.)
Signature of Person Giving Informed Consent
Before making the decision about being in this research you should have:
• Discussed this research study with an investigator,
• Read the information in this form, and
• Had the opportunity to ask any questions you may have.
Your signature below means that you have received this information, have asked the questions you
currently have about the research and those questions have been answered. You will receive a copy
of the signed and dated form to keep for future reference.
Signature of Subject
By signing this consent form, you indicate that you voluntarily choose to be in this research and
agree to allow your information to be used and shared as described above.
___________________________
__________
________________
Signature of Subject
Date
Printed Name
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CONSENT FOR RESEARCH
The Pennsylvania State University

Title of Project: The Effect of Lysyl Oxidase Inhibition on Cutaneous Endothelial
Function and Microvascular Smooth Muscle Reactivity in Humans with Essential
Hypertension #2596

Principal Investigator: Daniel H. Craighead
Address: 229 Noll Laboratory, University Park, PA 16802
Lab Telephone Number: 814-863-8557
Advisor: Dr. Lacy M. Alexander
Advisor Telephone Number: 814-867-1781
Subject’s Printed Name: _____________________________
We are asking you to be in a research study. This form gives you information
about the research.
Whether or not you take part is up to you. You can choose not to take part. You
can agree to take part and later change your mind. Your decision will not be held
against you.
Please ask questions about anything that is unclear to you and take your time to
make your choice.

1. Why is this research study being done?
Purpose: With an estimated one third of the population hypertensive, high blood
pressure is a common problem among adults in The United States. High blood pressure
increases one’s risk for serious health problems. People with high blood pressure are at
a greater risk of stroke and developing cardiovascular disease (CVD). CVD is one of the
leading causes of death among people in the world.
One thing that happens in people with high blood pressure that leads to CVD is a
stiffening of the heart and blood vessels. Lysyl oxidase (LOX) is a chemical made by
your body that you need in certain amounts. However, in animals with high blood
pressure, the amount of LOX has been shown to increase. This increase in LOX is
associated with stiffened blood vessels. At this point, we don’t know what LOX does to
the blood vessels in humans. This research looks at how LOX makes small blood
vessels stiffer in people with high blood pressure compared to people with normal blood
pressure. To do this we prevent LOX from working in a small area of skin on your arm
and look at how blood flow changes in that area.
This study includes the use of some research drugs (see section 3 on page 5). These
drugs are not approved by the FDA to treat disease. However the FDA has approved our
use of the drugs for this study. One of these drugs turns off LOX while the others
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increase blood flow, similar to other chemicals made by your body. We use these drugs
in nickel-sized areas of skin on your arm. Once in your skin, the drugs breakdown rapidly
and don’t travel to the rest of your body. All of the drugs have been used in humans
before.
To put the drugs into the skin we use a technique called “microdialysis” (MD). This
involves inserting a very small tube into your skin. The tubing acts like a capillary and
has holes in it that allows the drugs to move into the skin. Researchers using MD have
shown that the drugs stay very close to the tubing, affecting only a small area. Our group
and others have used these drugs in research studies on people without problems. The
following sections have a more complete description about MD.
We are asking you to be in this research because you fit our criteria for being a subject.
Approximately 36 people will take part in this research study in our lab. One third of the
people completing this study will be young adult participants, another third will have high
blood pressure.
2. What will happen in this research study?
We may ask you to repeat a trial, procedure, or test. This could happen for many
reasons such as equipment failure, power outage, inconclusive test results, etc.
You do not have to repeat a trial, procedure, and/or test if you do not wish to do
so.
Initial Visit 1. Blood Pressure Visit
You wear a monitor to record your blood pressure for 24 hours. The monitor has a cuff
that goes around your arm. The cuff inflates once every 20 minutes during the day and
once every hour at night. A control unit hangs on a strap around your waist or on your
shoulder. You may return the monitor during another visit such as the screening. Young
adult participants to not have to do the blood pressure visit.
Initial Visit 2. Screening
You drink only water and do not eat for 12 hours before your screening. Report to Noll
lab. The research nurse and/or Clinical Research Center (CRC) staff perform the
screening. The staff measures your height, weight, blood pressure (BP), and heart rate
(HR). They measure waist circumference. The staff reviews your medical history. The
staff draws 30 ml (2 Tbsp) of blood from a vein in your arm. If you take thyroid medicine,
we draw 3.5 ml (0.2 Tbsp) more blood for a thyroid test. We send the blood sample to a
lab to see if the proteins, blood cells, electrolytes, etc. are within normal levels. We may
test the blood for other substances of interest. We do not perform genetic tests on the
blood. We do not test the blood for the presence of disease (e.g. HIV). If you are a
woman of childbearing-age, you submit a urine sample for a pregnancy test.
Initial Visit 3. Microdialysis (MD) Experiment
You do not drink fluids that contain caffeine (i.e. coffee, tea, Coca Cola, etc.) for 12
hours before the experiment. You may eat your typical breakfast. When you arrive at the
laboratory, you wash your forearm and pat it dry. If you are a woman of childbearingage, you submit a urine sample for a pregnancy test. You recline on a bed. We will then
measure your blood pressure and heart rate, we will also measure your body
temperature with a thermometer that you put under your tongue.
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PWV Experiment: Next we measure your pulse wave velocity (PWV), a measure of how
stiff your large blood vessels are. To do this we put four blood pressure cuffs on you,
one on each upper arm and one on each ankle. A heart rate monitor is also placed on
your chest, above your clothing. The four cuffs squeeze for about 30 seconds and then
deflate. We wait a few minutes then repeat this measure two more times. After we
measure your PWV for a third time, we remove the cuffs and heart rate monitor. Then
we prepare the MD sites on your arm.
We insert 4 MD tubes into the skin on your arm.
Inserting Microdialysis Tubing: We place a tight band around your upper arm so we can
easily see your veins. For each MD site, we make pairs of pen-marks on your arm 2.5
cm (1 inch) apart and away from veins. We remove the tight band. The MD tubing will
enter and exit your skin at the marks. We clean your arm with an orange-colored iodine
and alcohol. We place an ice bag on your arm for 5 minutes to numb your skin. Then we
insert a thin needle into your skin at each entry mark. The needle’s tip travels between
the layers of skin for 2.5 cm (1 inch) and leaves your skin at the matching exit mark. We
thread the tubing through the needle. Next, we withdraw the needle leaving the tubing in
your skin. It is normal for the skin around the tubing to be slightly red after this, but the
redness subsides in about 60 – 120 minutes. The treatments at the six MD sites are:
1. Lactated Ringer’s + Acetylcholine
2. Lactated Ringer’s + Acetylcholine + β-Aminopropionitrile
3. Lactated Ringer’s + Sodium Nitroprusside
4. Lactated Ringer’s + Sodium Nitroprusside + β-Aminopropionitrile
5. Lactated Ringer’s + Norepinephrine
6. Lactated Ringer’s + Norepinephrine + β-Aminopropionitrile
Local Heating Experiment: While waiting for the skin redness to subside, we place two
thin probes into holders above skin on your arm that has not been affected by the MD
tubing. These probes measures skin blood flow with a weak laser light. The holders have
heaters that we can use to control the temperature of your skin. The holders will start at
33°C (91.4°F) and will remain there for about 10 minutes while we measure skin blood
flow. The temperature of the heaters will then slowly be increased to 43°C (109.4°F).
This increase in temperature will make the blood vessels in your skin dilate (get bigger)
and provide an index of how big these small vessels are. It will take about 40 minutes for
your vessels to fully dilate. After this is done we will remove these two probes and
holders.
Dose-Response Experiment: When the redness of your skin around the tubing subsides,
a probe and holder will be placed over each MD site. The holders are again set at 33°C
(91.4°F). We start the flow of lactated Ringer’s through three sites and the flow of
lactated Ringer’s + β-Aminopropionitrile (BAPN), a LOX blocker, through the other three
sites. This flow continues for two hours to let BAPN take effect.
After two hours we add acetylcholine (ACh), norepinephrine (NE) or sodium
nitroprusside (SNP) to the sites. These drugs are very similar to chemicals you have in
your body that make your blood vessels get bigger or smaller. We switch between fluids
containing different amounts of ACh, NE, or SNP. The amount of these drugs increases
with each switch. We use up to 9 or 10 amounts of each drug. At the end, we add a high
dose of SNP to all sites (except those with NE) to produce maximal skin blood flow.
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Initial Visit 4. Skin Biopsy
If you are a woman of childbearing-age, you submit a urine sample for a pregnancy test.
The researcher takes two small pieces of skin (skin biopsy) from your forearm using the
following method. First, you wash the site with soap and warm water. Then you sit or lie
on a chair or bed. The researcher cleans the top of a vial of lidocaine with alcohol. An
approved clinician wipes your skin with alcohol and injects lidocaine into the skin at the
biopsy sites to numb them. The researcher will wait a couple of minutes after injecting
the lidocaine to give the drug time to work. The researcher will clean the biopsy site 3
times with an orange cleanser (betadine) and an alcohol pad. If you are allergic to
betadine, we will use only alcohol. The researcher will gently touch the site with the tip of
a needle to see if you can feel anything. You may feel the slight pain of the pin-prick or
only pressure. If you can feel pain, the researcher will wait a little longer or the approved
clinician will add more lidocaine into the skin. When the site is numb, the researcher will
place a sterile drape over the site. The biopsy sites are located in an opening in the
middle of the drape. The researcher uses a punch-tool that looks like a screwdriver that
has a round, hollow tip. The tip is 3mm (0.12 in) in diameter. The hollow tip acts like a
cookie cutter. The researcher places the tip of the punch against the skin at the biopsy
site and applies mild pressure. You will feel the pressure. The tip of the punch will go
about 3 mm (0.12 in) into your skin. The punch collects a small piece of skin about 3mm
x 2mm (0.12 in x 0.08 in). The researcher holds sterile gauze on the site to stop any
bleeding. The researcher may also apply pressure with sterile dressing to the biopsy site
to stop bleeding, if necessary. The researcher places the piece of skin into a small
container. The researcher uses the punch to remove the second piece of skin in the
same way. A sterile bandage will also be applied to the site. The researcher will give you
instructions about how to take care of the biopsy site. You may be asked to come back
to the laboratory 14 days after the initial biopsy was taken to have the skin site checked
by staff.

3. What are the risks and possible discomforts from being in this research
study?
Microdialysis: The risks are less than that for a blood draw because microdialysis uses
only a small, localized area of skin. In contrast, a blood draw involves the skin, large
blood vessels, and blood. You will probably experience a small amount of pain and
bruising. However, ice will be used to numb your arm during insertion of the tubing. Also,
we use a very small needle to reduce pain during placement of the tubing. You will
probably not have pain after the tubing is in place. You may feel a little pain when the
tubing is removed from your skin. You may be nervous about needles. If so, your blood
pressure and heart rate may increase for a little while. You may also feel lightheaded,
sick to your stomach, or may faint. Sometimes the tubing can break during removal from
your skin. Then we remove the tubing by pulling on the other end of it. This produces no
additional risk for you. The tubing could break so that a small piece is left under your
skin. If this happened, we would treat any tubing remaining in your skin like a splinter. In
this case, the thin layer of skin over the tubing may have to be cut to allow removal. Mild
pressure with sterile gauze stops any slight bleeding that may occur. Infection is
possible, but has never occurred in our lab or others that we know of. Sterile techniques
and supplies like those used in hospital keep the risk minimal. We apply a sterile
bandage after the experiment. We tell you how to take care of the site.
Fluid flowing through the tubing: The substances flowing through the tubing only go to a
nickle-sized are of skin at each tubing site. The amount that enters the skin is very small.
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However, there is a chance you could have a bad reaction to the substances. This
reaction could cause redness, itching, rash, and/or swelling. A worse reaction could also
cause fever, breathing problems, changes in pulse, convulsions, blood pressure change
and/or fainting. If a bad reaction should occur, we get assistance from the research
nurse or medical staff of the CRC. We call 911 right away if the reaction is worse.
Lactated Ringer’s Solution: This fluid is similar to the natural fluids in your skin.
This fluid contains salt, potassium, lactate, and chloride. The acid content is like
that of your body’s fluids. A bad reaction to this fluid is highly unlikely
Acetylcholine (ACh), Norepinephrine (NE), and Sodium Nitroprusside (SNP):
These drugs both cause your blood vessels to dilate (ACh, SNP) or constrict
(NE). Only minute amounts of these substances enter the nickel-sized area of
skin around the tubing. We and other researchers have used these substances in
human skin. There have been no reports of bad reactions.
β-Aminoproprionitrile: This chemical blocks the actions of LOX, which prevents
collagen fibers from connecting to each other. Only a very small amount of this
substance enters the nickel-sized area of skin around the tubing. BAPN has been
used in human research before and is not likely to cause any adverse reactions.
Skin Biopsy: Most times, we take the skin biopsy from the forearm. There is a chance
that there is a better site. You can help to decide on the site. You may stop the
procedure at any time. Trained staff performs the biopsy. You may lie on a bed during
the biopsy, if you wish. The researcher will make sure that you are informed and ready.
You may still be nervous about needles or the procedure. If so, your blood pressure and
heart rate may increase for a little while. You may also feel lightheaded, sick to your
stomach, or may faint. The lidocaine will numb the site so that you feel very little or no
pain during the biopsy. You will feel the pressure of the biopsy tool on your skin. As with
any event that breaks the skin, you could get an infection. Trained staff use sterile
techniques to keep the risk of infection very small. The skin biopsy may cause some
pain, swelling, bleeding, and bruising. Gauze pressed onto the site stops bleeding. The
researcher places a sterile bandage on the site. We give you instructions about caring
for the biopsy site. The biopsy will likely leave a small scar. The skin of some people
overreacts to injury. If you are one of these, your skin may produce a scar that is larger
and easier to see. There may be some minor pain for a couple of days when the
lidocaine wears off. The pain would be like that felt after some blood draws.
Laser Doppler Flowmetry: Weak lasers can hurt your eye if you stare into the light for a
long time. We do not turn on the laser until the probes are taped to a surface. The tape
may irritate your skin.
Blood Pressure (manual, CardioCap): The researchers measure blood pressure with the
method used in a doctor’s office and they can use a machine. A cuff inflates on the
upper arm. As the cuff slowly deflates, the researchers listen with a stethoscope at the
bend in the elbow or the machine (CardioCap) takes a reading. During the short time the
researchers inflate the cuff, your arm may feel numb or tingly. The cuff could cause mild
bruising.
Povidone Iodine: Researchers and hospitals use this orange-colored fluid to clean the
skin. You could have a bad reaction to this if you are allergic to iodine. You inform us if

133
you have this allergy. In this case, we use only alcohol instead. A bad reaction could
cause redness, itching, rash, and/or swelling. A worse reaction could also cause fever,
breathing problems, changes in pulse, convulsions, and/or fainting.
Blood Draw: Blood draws often cause mild pain, bruising, swelling, or bleeding. There is
also a slight chance of infection or a small clot. If you are nervous about needles, your
blood pressure and heart rate may increase for a little while. You may also feel
lightheaded, sick to your stomach, or may faint. Using the same techniques used in
hospitals keeps the chance of infection minimal. Do not exercise hard for 24 hours
before a blood draw.
Tape and sticky disks: The tape or sticky disks could cause a rash. During screening,
you tell us if you are sensitive to tape. If a disk sticks very strongly, removing the disk
could cause an abrasion like a rug-burn on your skin. An abrasion can feel tender or
slightly painful, and can increase risk of infection. If you are sensitive to tape, you may
have an increased chance for abrasion. An abrasion has occurred only twice during the
years that the disks have been used in similar studies in our lab. We may use an
adhesive remover like that used in a doctor’s office to remove the disks. If you get an
abrasion a nurse checks the site. Antibiotic ointment and a sterile bandage are applied.
We tell you how to take care of the site. You could have an allergic reaction to the
adhesive remover. The reaction could include rash, itching, fever, or breathing problems.
Also, it could include changes in pulse, and/or blood pressure, convulsions, shock,
and/or fainting. If a bad reaction should occur, we summon medical help right away.
Medical Screening: You may feel shy about giving health information. The staff collects
the information in a private and professional manner. You may feel shy about being
measured. You may request someone of the same sex to conduct the screening.
Initial screening form: Only members of our lab group use this form. We use the form to
help decide whether you are a good candidate for the study. You may feel shy about
answering questions. You may request someone of the same sex to ask you the
questions. We collect the information in a private and professional manner. We keep the
completed forms confidential and secure.
ECG Heart Rate (CardioCap): This machine measures the electrical activity of your
heart. You have 3-12 wires from the machine taped to spots on your chest. There have
been no adverse effects. The tape may irritate.
Local heating: We measure the temperature of your skin under the holders. During
heating, the skin feels very warm but will not hurt. The heating makes the skin under the
holder red like when you take a hot bath. The redness goes away within several hours.
Some people may be more sensitive to heating. If your arm feels too hot, tell us, and we
reduce or stop the heating.
Latex: Some gloves and medical materials are made of latex rubber. You will inform us if
you are allergic to latex and decline to participate in the study.
Pulse Wave Velocity: The arm or leg may feel tingly when the machine inflates the cuffs.
The cuff could cause mild bruising. The researcher is trained in the technique and will
minimize the duration of cuff inflation.
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Ambulatory Blood Pressure: You wear the device for 24 hours to collect blood pressure.
The device uses AA or rechargeable batteries for power. We place a cuff on your upper
arm. We attach the control unit to the cuff. We hang the unit from strap on your shoulder
or around your waist. The controller takes a measure every 20 minutes during the day
and once every hour at night by making the cuff inflate, taking a reading, and deflating
the cuff. You need to stay as still as possible and relax your arm on a flat surface. You
need to keep the system dry and properly attached for the whole 24-hours. This could be
a bother to you. The unit may interfere with daily routines such as showering and
sleeping. The control unit prevents the cuff from inflating too high (more than 300
mmHg) or too long (more than 180 seconds). Disconnect the rubber hose from the
control unit to let the air out of the cuff if the batteries should fail while the cuff is inflated.
You could have an allergic reaction in the area of the cuff caused by the cuff’s fabric.
The reaction could include itching, rash, and/or swelling. The pressure of the cuff on
your skin could cause one or several small reddish or purplish spots to form in the skin.
Usually these are harmless and will disappear in a few days. However, the spots could
lead to a sudden, longer lasting bruising or inflammation of a vein. The pressure of the
cuff could cause bruising. You will tell us whether you bruise easily. If you bruise easily,
you will not use the monitor. We will give you verbal and written instructions.
There is a risk of loss of confidentiality if your information or your identity is obtained by
someone other than the investigators, but precautions will be taken to prevent this from
happening.

4. What are the possible benefits from being in this research study?
4a. What are the possible benefits to you?
You will receive a medical screening providing information about your physical wellbeing, such as your current blood pressure and blood cholesterol levels. You could
gain knowledge about how your body works.
4b. What are the possible benefits to others?
High blood pressure is a highly prevalent disease, affecting an estimation one third of
the population. High blood pressure can lead to heart failure and strokes. Information
gained in this experiment will help improve our understanding of changes that take
place with high blood pressure and could help uncover new treatments for high blood
pressure. This project will also provide additional training and partial fulfillment of
degree-work for graduate students of Penn State University.

5. What other options are available instead of being in this research study?
You may decide not to participate in this research.
6. How long will you take part in this research study?
Blood Pressure Monitor
24 hours
Screening Visit
no longer than 1 hour
Microdialysis Experiment
no longer than 5 hours
Biopsy Visit
no longer than 1 hour
Total: 30 hours, maximum (4 visits maximum)

7. How will your privacy and confidentiality be protected if you decide to
take part in this research study?
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Efforts will be made to limit the use and sharing of your personal research information
to people who have a need to review this information.
• A list that matches your name with your code number will be kept in a locked file or
password protected computer in a room that is locked when unoccupied. Only
authorized lab group members have access to the list.
•

Your research records will be labeled with your code number and will be kept in a
locked file or password protected computer in a room that is locked when
unoccupied.

•

Your research samples will be labeled with your code number and will be stored in
a dedicated freezer in Noll Lab until analysis.

•

For research specimens sent to Johns Hopkins University for outside analysis, you
will be identified only by your code number. Members of this outside entity will not
be able to match the code number to you.

In the event of any publication or presentation resulting from the research, no
personally identifiable information will be shared.
We will do our best to keep your participation in this research study confidential to the
extent permitted by law. However, it is possible that other people may find out about
your participation in this research study. For example, the following people/groups may
check and copy records about this research.
• The Office for Human Research Protections in the U. S. Department of Health
and Human Services
• The Institutional Review Board (a committee that reviews and approves
research studies) and
• The Office for Research Protections.
• The US Food and Drug Administration
Some of these records could contain information that personally identifies you.
Reasonable efforts will be made to keep the personal information in your research
record private. However, absolute confidentiality cannot be guaranteed.
8. What are the costs of taking part in this research study?
8a. What will you have to pay for if you take part in this research study?
None
8b. What happens if you are injured as a result of taking part in this research
study?
In the unlikely event you become injured as a result of your participation in this study,
medical care is available. It is the policy of this institution to provide neither financial
compensation nor free medical treatment for research-related injury. By signing this
document, you are not waiving any rights that you have against The Pennsylvania
State University for injury resulting from negligence of the University or its
investigators.

10. Will you be paid or receive credit to take part in this research study?
Microdialysis Experiment: $15.00 for each of the microdialysis probes inserted
(maximum $90.00) + $20 for completing the microdialysis experiment.

136
Biopsy Experiment: $50.00 for each of the biopsies (maximum $100.00)
Total = $210.00
For each trial, we pay you the amount of money equal to the part of the trial that you
complete.
For instance, if you complete only half of Experiment 1, we pay you for each probe that
we insert plus $10.00 for that trial. This is because $10.00 is one-half of $20.00. We may
ask you to repeat a trial. If you agree to repeat a trial, we pay you for the repeated trial
as stated above.
We reimburse mileage for those who live 20 or more miles from Noll Lab at the rate set
by current PSU policy.
We will need to record your social security number on the payment for taxation
purposes.
Total payments within one calendar year that exceed $600 will require the University to
report these payments to the IRS annually. This may require you to claim the
compensation that you receive for participation in this study as taxable income.

10. Who is paying for this research study?
The American College of Sports Medicine Foundation funds this project.
11. What are your rights if you take part in this research study?
Taking part in this research study is voluntary.
 You do not have to be in this research.
 If you choose to be in this research, you have the right to stop at any time.
 If you decide not to be in this research or if you decide to stop at a later date,
there will be no penalty or loss of benefits to which you are entitled.
The person in charge of the research study or the sponsor can remove you from the
research study without your approval. Possible reasons for removal include if the
researcher deems that your health or behavior adversely affects the study or increases
risks to you beyond those approved by the Institutional Review Board and agreed upon
by you in this document. You may decline to answer certain questions. You may decide
not to comply with certain procedures. However, your being in the study may be
contingent upon answering these questions or complying with the procedures.
During the course of the research you will be provided with any new information that may
affect your health, welfare or your decision to continue participating in this research.
If you withdraw from the study, the data collected to the point of withdrawal remains part of
the study database and may not be removed.
12. If you have questions or concerns about this research study, whom should you
call?
Please call:
• Study Head, Daniel H. Craighead
(W: 814-863-8557, M: 607-279-9848)
• Advisor, Lacy M. Alexander, Ph.D.
(W: 814-867-1781, H: 814-880-9217)
• The research nurse, Susan Slimak RN
(W: 814-863-8556, H:814-237-4618)
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• Dr. Alexander’s assistant, Jane Pierzga
(W: 814-865-1236, H:814-692-4720)
if you:
 Have questions, complaints or concerns about the research.
 Believe you may have been harmed by being in the research study.
You may also contact the Office for Research Protections at (814) 865-1775,
ORProtections@psu.edu if you:
 Have questions regarding your rights as a person in a research study.
 Have concerns or general questions about the research.
 You may also call this number if you cannot reach the research team or wish to talk
to someone else about any concerns related to the research.

INFORMED CONSENT TO TAKE PART IN RESEARCH
Signature of Person Obtaining Informed Consent
Your signature below means that you have explained the research to the subject or
subject representative and have answered any questions he/she has about the
research.

______________________________

_________ _______________

Signature of person who explained this research
Date
Printed Name
(Only approved investigators for this research may explain the research and obtain
informed consent.)
Signature of Person Giving Informed Consent
Before making the decision about being in this research you should have:
• Discussed this research study with an investigator,
• Read the information in this form, and
• Had the opportunity to ask any questions you may have.
Your signature below means that you have received this information, have asked the
questions you currently have about the research and those questions have been answered.
You will receive a copy of the signed and dated form to keep for future reference.
Signature of Subject
By signing this consent form, you indicate that you voluntarily choose to be in this research
and agree to allow your information to be used and shared as described above.
___________________________
Signature of Subject

__________
Date

________________
Printed Name
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INFORMED CONSENT FORM FOR CLINICAL RESEARCH STUDY
The Pennsylvania State University
Title of Project: The NOS isoforms mediating local heating-induced cutaneous VD, and NOS
gene-expression and activity in humans with essential hypertension:
Part 3 – Hypertension
medication
Principal Investigator: Lacy Alexander, Ph.D.
Address: 113 Noll Laboratory
University Park, PA 16802
Phone: 814-867-1781
Email: lma191@psu.edu
Co Investigator:
W. Larry Kenney, Ph.D.
Address: 102 Noll Laboratory
Phone: 814-863-1672
Research Assistant:
Susan Slimak, RN
Phone: 814-863-8556, email: sks31@psu.edu
Jane Pierzga, M.S., Research Assistant
Phone: 814-865-1236
This is to certify that I, ___________________ have been given the following
information with respect to my participation as a volunteer in a program of investigation.
Note: The study has three parts. This is the informed consent for Part 3. You do not have to
participate in all parts.
1. Purpose of the study: About one quarter to one third of adults in the United States are being
treated for high blood pressure. If you add that some people have yet to find out they have high
blood pressure, it is easy to see that high blood pressure is a common problem. High blood
pressure increases the risk for diseases of the heart and blood vessels. The diseases impair the
ability of the heart and blood vessels to function properly. People with high blood pressure
have changes that affect how well their blood vessels dilate (get bigger) and constrict (get
smaller) to control blood flow. Some of these changes occur in the small vessels of the skin
before they occur in the larger blood vessels throughout the body. Therefore, we can use the
skin to explore these changes. Our research has explored substances the body makes that help
to control blood flow. One of those substances, “nitric oxide” (NO), works to dilate blood
vessels. People with high blood pressure make less NO. This research explores how high blood
pressure changes the body’s control of NO production. We may include up to 65 people in the
study.
2. Overview:
The screening for this study involves a blood draw. This informed consent
includes 3 skin blood flow experiments. You do not have to do all experiments. All experiments
use your forearm. Two experiments use a technique called “microdialysis” (see below). The
third experiment does not use microdialysis. It uses a special camera to see the increased skin
blood flow that occurs when we restore flow after a 5-minute stoppage (hyperemia). Also, this
informed consent covers a “biopsy” in which we take two very small samples of skin. We test
the samples for substances that your body makes to dilate your blood vessels. You may do the
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biopsy on the same day as an experiment.
Microdialysis (MD) involves placing very thin plastic tubing between the layers of your skin. The
largest part of the tubing is about 6x the diameter of a human hair. We pump fluids like those
that are found in your body’s tissues through the tubing. This fluid is called “lactated Ringer’s
solution.” The tubing acts like very small blood vessels in your skin by allowing some substances
to pass between the fluid in the tubing and the fluids in your skin. During the experiment, we
will add substances to the fluid in the tubing. The substances can only reach a 2.5 cm2 (0.4
inch2), nickel-sized area of skin at each tube. These substances are like some of the natural
chemicals found in your body. The test substances are:

1. L-NAME (NG-nitro-L-arginine methyl ester) – like a natural protein found in your cells. It
stops chemical reactions that involve that protein.

2. SNP (sodium nitroprusside) causes your blood vessels to get as large as they can.
3. BEC ((S)-(2-boronoethyl)-L-cysteine)– – like a natural protein found in your cells. It stops
chemical reactions that involve that protein.
4. norNOHA (N omega-hydroxy-nor-L-arginine) - – like a natural protein found in your cells. It
stops chemical reactions that involve that protein.
5. 1400W (N-[3-(aminomethyl)benzyl] acetamidine) – blocks one of the proteins that helps to
make NO
6. Acetylcholine – a natural substance made by nerves in your body. It causes muscles to
contract.

3. Procedures: You will participate on the circled days. Please read the descriptions of the
circled days.
Then write your initials by the circled days. You may request personnel of the same gender to
perform some procedures.
You could be asked to repeat a trial, procedure, or test. This could happen for many reasons
such as equipment failure, power outage, inconclusive test results, etc. You do not have to
repeat a trial, procedure, and/or test if you do not wish to do so.
________ initial Visits 1: Blood Pressure Visit You wear a monitor to record your blood
pressure for 24 hours. The monitor has a cuff that goes around your arm. A control unit hangs
on a strap around your waist or on your shoulder. You may return the monitor during another
visit such as the screening.

________ initial Visit 2: Screening

You do not eat or drink after midnight during the night before your exam. You report to the Noll
Lab for your appointment. When you arrive, we measure your blood pressure. The research
and/or the Clinical Research Center (CRC) staff perform the screening procedures. The staff
draws 27 ml (< 2 Tbsp) of blood from a vein in your arm. If you take thyroid medicine, we draw
3.5 ml (0.2 Tbsp) more blood for a thyroid test. We send the blood sample to a lab to see if the
proteins, blood cells, electrolytes, etc. are within normal levels. We may test the blood for other
substances of interest. We do not perform genetic tests on the blood. We do not test the blood
for the presence of disease (e.g. HIV). After the blood draw, you can have juice and a snack bar.
The staff records a medical history, heart rate, blood pressure, height, weight, waist
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circumference, and 12-lead ECG. If you are a woman of childbearing-age, you submit a urine
sample for a pregnancy test. We may measure the thickness of folds of skin at several places on
your body to determine your percent body fat.
“Pulse Wave Velocity” (PWV) and “Pulse Wave Analysis” (PWA) PWV and PWA can
indicate the health of blood vessels. The procedures are like getting your blood
pressure measured. For PWV and PWA, you recline on a bed or sit in a reclining chair.
PWV We place a blood pressure cuff on your upper thigh. We hold a pen-sized sensor
gently against the side of your neck over a large artery. A machine inflates the cuff to
stop blood flow into your leg. The machine slowly deflates the cuff over 1-2 minutes.
Blood flow resumes. We repeat PWV 2-3 times.
PWA A machine inflates a blood pressure cuff on your upper arm to stop blood flow
into the arm. The machine deflates the cuff over 1-2 minutes. Blood flow resumes. We
repeat PWA 2-3 times.
You may have PWV and PWA on the same day as an experiment, instead.
________ initial Visit 3: Microdialysis (MD) Experiment You do not drink fluids that contain
caffeine (i.e. coffee, tea, Coca Cola, etc.) for 12 hours before the experiment. You may eat your
typical breakfast. When you arrive at the laboratory, you wash your forearm and pat it dry. If
you are a woman of childbearing-age, you submit a urine sample for a pregnancy test. You
recline on a bed. Then we prepare the MD sites on your arm. We insert 4 MD tubes into the
skin on your arm.

Inserting Microdialysis Tubing: We place a tight band around your upper arm so we can
easily see your veins. For each MD site, we make pairs of pen-marks on your arm 2.5 cm (1
inch) apart and away from veins. We remove the tight band. The MD tubing will enter and
exit your skin at the marks. We clean your arm with an orange-colored Betadine fluid and
alcohol. We place an ice bag on your arm for 5 minutes to numb your skin. Then we insert
a thin needle into your skin at each entry mark. The needle’s tip travels between the layers
of skin for 2.5 cm (1 inch) and leaves your skin at the matching exit mark. We thread the
tubing through the needle. Next, we withdraw the needle leaving the tubing in your skin.
Any redness of your skin subsides in about 60 – 120 minutes. The treatments at the four
MD sites are:
1.
2.
3.
4.

Lactated Ringer’s
Lactated Ringer’s + L-NAME
Lactated Ringer’s + BEC + norNOHA
Lactated Ringer’s + 1400W

We tape a thin probe and its holder over each site where there is MD tubing in your skin.
The thin probe measures skin blood flow with a weak laser light. We can control the
temperature of the holders. The holders will start at 33°C (91.4°F). During the experiment,
we measure blood pressure with a cuff that inflates on your upper arm while the researcher
listens with a stethoscope at the inside of your elbow. We place 3 sticky tabs on your chest
to which we attach the wires of an ECG machine that measures your heart rate. Throughout
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the experiment, we measure skin blood flow and skin temperature at the MD sites.
Experiment: When the redness from placing the MD tubing in your skin is gone, the experiment
begins. The temperature of the heater on your skin is 33°C (91°F). We start the Lactated
Ringer’s flowing through the tubing in your skin. After 10 minutes, we add the test-substances
to the Ringer’s (see above) for about one hour. Then we collect data for about 20-minutes.
Then we increase the temperature of all sites to 42°C (108°F). After about 50 minutes, we
replace the lactated Ringer’s, BEC + norNOHA, and 1400W with L-NAME so that all sites receive
lactated Ringer’s + L-NAME. After about 30 minutes, we replace the lactated Ringer’s + L-NAME
at all sites with lactated Ringers + SNP and increase the local heat to 43°C (109°F) for about 40
minutes to produce the maximal skin blood flow.
You may have us perform the skin biopsy right after the MD experiment or wait until another
day.
________ initial Visits 3 (or 4) : Skin Biopsy If you are a woman of childbearing-age, you
submit a urine sample for a pregnancy test. The researcher takes two small pieces of skin (skin
biopsy) from your forearm or another location using the following method. First, you wash the
site with soap and warm water. Then you sit or lie on a bed. The researcher cleans the top of
the lidocaine vial with alcohol. An approved clinician wipes your skin with alcohol and injects
lidocaine into the skin at the biopsy sites to numb them. The researcher will wait a couple of
minutes after injecting the lidocaine to give the drug time to work. The researcher will clean the
biopsy site 3 times with an orange cleanser (betadine) and an alcohol pad. If you are allergic to
betadine, we will use only alcohol. The researcher will gently touch the site with the tip of a
needle to see if you can feel anything. You may feel the slight pain of the pin-prick or only
pressure. If you can feel pain, the researcher will wait a little longer or the approved clinician
will add more lidocaine into the skin. When the site is numb, the researcher will place a sterile
drape over the site. The biopsy sites are located in an opening in the middle of the drape. The
researcher uses a punch-tool that looks like a screwdriver that has a round, hollow tip. The tip is
3mm (0.12 in) in diameter. The hollow tip acts like a cookie cutter. The researcher places the
tip of the punch against the skin at the biopsy site and applies mild pressure. You will feel the
pressure. The tip of the punch will go about 3 mm (0.12 in) into your skin. The punch collects a
small piece of skin about 3mm x 2mm (0.12 in x 0.08 in). The researcher holds sterile gauze on
the site to stop any bleeding. The researcher may also apply pressure with sterile dressing to
the biopsy site to stop bleeding, if necessary. A stitch may be used to close the wound. The
researcher places the piece of skin into a small container. The researcher uses the punch to
remove the second piece of skin in the same way. A sterile bandage will also be applied to the
site. The researcher will give you instructions about how to take care of the biopsy site. If you
had a stitch, you would return in 7-10 days to have the stitch removed. You may be asked to
come back to the laboratory 14 days after the initial biopsy was taken to have the skin site
checked by staff.
________ initial Visits 4 (or 5) : MD Experiment - Acetylcholine (ACh) Dose Response You do
not drink fluids that contain caffeine (i.e. coffee, tea, Coca Cola, etc.) for 12 hours before the
experiment. You may eat your typical breakfast. When you arrive at the laboratory, you wash
your forearm and pat it dry. If you are a woman of childbearing-age, you submit a urine sample
for a pregnancy test. You recline on a bed. Then we prepare the MD sites on your arm. We
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insert 3 MD tubes into the skin on your arm in the same manner as that described above. The
treatments for the four MD sites are:
1. Lactated Ringer’s
2. Lactated Ringer’s + BEC + norNOHA
3. Lactated Ringer’s + 1400W
After 20 minutes, we switch between fluids containing ACh (15 minutes) and those with no ACH
(30 minutes) at all MD sites. The amount of ACh changes with each switch. We use up to 5 ACh
amounts. At the end, we replace the fluid at all sites with lactated Ringers + SNP and increase
the local heat to 43°C (109°F) for about 40 minutes to produce the maximal skin blood flow.
________ initial Visits 5 (or 6) : FLPI Experiment: Local Heating / Reactive Hyperemia (LH/RH)
The “FLPI” is a type of laser blood flow imager that records skin blood flow over a larger area
and displays results in real time.
You do not drink fluids that contain caffeine (i.e. coffee, tea, Coca Cola, etc.) for 12 hours before
the experiment.
Reactive Hyperemia: You gently wash your arm with soap and water. You lie on a bed or
recliner. The researchers place two ring-shaped local heaters 35mm diameter (about 1.5 inches)
on your forearm with sticky rings. The researchers label each site with a marker pen. They fill
the inner well of each heater with 2 ml (about 1/2 teaspoon) of water. They place a clear cover
over the well. They set the temperature of the local heaters to a comfortable 34°C (93°F). The
researchers position and focus the FLPI camera 8-10 inches above your arm. They place a blood
pressure cuff on each of your arms. They record your blood pressure every 5-7 minutes on the
arm that does not have the local heaters. They record baseline data for about 20 minutes with
the FLPI. The researchers inflate the cuff on the arm sporting the local heaters for 5 minutes so
that blood does not enter or exit the arm (occlusion). Then they rapidly deflate the cuff and
blood flows back into your arm while they record data with the FLPI. They wait at least 20
minutes and repeat the occlusion. They wait at least 20 more minutes and repeat the occlusion
a third time. The researchers record data until the skin blood flow becomes stable (about 10
minutes).
Local Heating: The researchers continue to record blood pressure every 5-7 minutes on the arm
that does not have the local heaters. They record skin blood flow with the FLPI. They collect
baseline date for about 20 minutes. They increase the temperature to 42°C (107°F) and wait 4050 minutes for the skin blood flow to become stable. Then they raise the temperature to 43°C
(109°F). The researchers collect data for about 30 more minutes. Then they remove the local
heaters. You wash your arm with soap and water. Your blood pressure and heart rate are
measured before you leave.
4. Discomforts and risks:

Microdialysis: The risks are less than that for a blood draw because microdialysis uses only
a small, localized area of skin. In contrast, a blood draw involves not only skin, but also
large blood vessels and blood. You will probably experience some pain and bruising like
that from a blood draw. However, we use ice to numb your arm during the insertion of the
tubing. Also, the small needle reduces pain during placement of the tubing. You will
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probably not have pain after the tubing is in place. You may feel a little pain when the
tubing is removed from your skin. You may be nervous about needles. If so, your blood
pressure and heart rate may increase for a little while. You may also feel lightheaded, sick
to your stomach, or may faint. Sometimes the tubing can break during removal from your
skin. Then we remove the tubing by pulling on the other end of it. This produces no
additional risk for you. The tubing could break so that a small piece is left under your skin.
This has not occurred in any of our studies. If this happened, we would treat any tubing
remaining in your skin like a splinter. In this case, the thin layer of skin over the tubing may
have to be cut to allow removal. Mild pressure with sterile gauze stops any slight bleeding
that may occur. Infection is possible, but has never occurred in our lab or others that we
know of. Sterile techniques and supplies like those used in hospital keep the risk minimal.
We apply a sterile bandage after the experiment. We tell you how to take care of the site.
Fluid flowing through the tubing: The substances flowing through the tubing only go to a
2.5 cm2 (0.4 inch2) area of skin at each tubing site. The amount that enters the skin is very
small. However, there is a chance of your having a bad reaction to the substances. This
reaction could produce redness, itching, rash, and/or swelling. A worse reaction could also
cause fever, breathing problems, changes in pulse, convulsions, blood pressure change
and/or fainting. If a bad reaction should occur, we get assistance from the research nurse or
medical staff of the CRC. We call 911 right away if the reaction is worse.
Lactated Ringer’s Solution: This fluid is similar to the natural fluids in your skin. This fluid
contains salt, potassium, lactate, and chloride. The acid content is like that of your body’s fluids.
A bad reaction to this fluid is highly unlikely.

L-NAME, BEC, norNOHA , 1400W, Acetylcholine, and SNP: Only minute amounts of
these substances enter the nickel-sized area of skin around the MD tubing. We and/or other
researchers have used these substances in human skin. There have been no reports of bad
reactions.
Skin Biopsy: Most times, we take the skin biopsy from the forearm. There is a chance that there
is a better site. You can help to decide on the site. You may stop the procedure at any time.
Trained staff performs the biopsy. You may lie on a bed during the biopsy, if you wish. The
researcher will make sure that you are informed and ready. You may still be nervous about
needles or the procedure. If so, your blood pressure and heart rate may increase for a little
while. You may also feel lightheaded, sick to your stomach, or may faint. The lidocaine will
numb the site so that you feel very little or no pain during the biopsy. You will feel the pressure
of the biopsy tool on your skin. As with any event that breaks the skin, you could get an
infection. Trained staff use sterile techniques to keep the risk of infection very small. The skin
biopsy may cause some pain, swelling, bleeding, and bruising. Gauze pressed onto the site stops
bleeding. The researcher closes the wound with a steri-strip and places a sterile bandage on the
site. We give you instructions about caring for the biopsy site. The biopsy will likely leave a
small scar. The skin of some people overreacts to injury. If you are one of these, your skin may
produce a scar that is larger and easier to see. There may be some minor pain for a couple of
days when the lidocaine wears off. The pain would be like that felt after some blood draws.
Betadine: Hospitals and researchers use this orange-colored fluid to clean and sterilize the skin.
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You could have a bad reaction to Betadine if you are allergic to iodine. You will inform us if you
have this allergy so that we will use alcohol instead. A bad reaction could cause redness, itching,
rash, and/or swelling. A worse reaction could also cause fever, breathing problems, changes in
pulse, convulsions, and/or blood pressure change and/or fainting.
Latex: Some gloves and medical materials are made of latex rubber. Inform us if you are allergic
to latex and decline to participate in the study.
ECG: This machine measures the electrical activity of your heart. You will have 3 to 12 wires
from the machine taped to spots on your body. There have been no adverse effects. The tape
may irritate your skin.
Blood Draw: Blood draws often cause mild pain, bruising, swelling, or bleeding. There is also a
slight chance of infection or a small clot. You may be nervous about needles. If so, your blood
pressure and heart rate may increase for a little while. You may also feel lightheaded, sick to
your stomach, or may faint. To keep the chance of infection minimal, the staff uses the same
techniques used in hospitals. Do not exercise hard for 24 hours before a blood draw.
Medical Screening: You may feel shy about giving health information. The staff collects the
information in a private and professional manner. You may feel shy about being measured. You
may request someone of the same sex to conduct the screening.
Phone screening form: Only the researcher uses this form. We use the form to help decide
whether you are a good candidate for the study. You may feel shy about answering questions.
You may request someone of the same sex to ask you the questions. We collect the information
in a private and professional manner. The completed form is kept confidential and secure.

Laser Doppler Flowmetry: Weak lasers can hurt your eye if you stare into the light for a
long time. We do not turn on the laser until the probes are taped to a surface. The tape may
irritate your skin.
FLPI : The FLPI is a special camera that shines a low energy laser light on the surface of the skin
to measure blood flow. The FLPI makes graphs, photos, and movies of skin blood flow. You may
be able to see a harmless red light your skin. The FLPI presents no risk as used in this study.
Local Heating: We measure the temperature of your skin under the holders. The skin will feel
very warm but will not hurt. The heating will make the skin of your arm under the holders red
like when you take a hot bath. The redness will not last more than several hours. Some people
may be more sensitive to the heating than others. If your arm feels too hot, you will tell us, and
we will reduce or stop the heating.
Skin Fold Measurements: Your percent body fat is measured using a tool that looks like tongs.
The tongs gently measure the thickness of skin folds at several places on your body. There are
no risks to this measure, but you may feel shy about having it performed. You may have a
person of the same gender perform the measure.
Blood Pressure (manual and/or Cardiocap 5): The researchers measure blood pressure using the
method common in a doctor’s office or with a machine. A cuff inflates on your upper arm. As
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the cuff slowly deflates, the researchers listen with a stethoscope at the bend in your elbow or
the machine takes a reading. Your arm may feel numb or tingly during the short time the cuff is
inflated. The cuff could cause mild bruising.
Pulse Wave Velocity (PWV), Pulse Wave Analysis (PWA) Your arm or leg may feel numb or tingly
when the machine inflates the cuffs. The cuff could cause mild bruising. Although unlikely, you
may feel discomfort while the sensor is against your neck.
Blood Pressure Monitor: You wear the device for 24 hours to collect blood pressure. The device
uses AA or rechargeable batteries for power. We place a cuff on your upper arm. We attach the
control unit to the cuff. We hang the unit from strap on your shoulder or around your waist.
The controller takes a measure once every hour by making the cuff inflate, taking a reading, and
deflating the cuff. You need to stay as still as possible and relax your arm on a flat surface. You
need to keep the system dry and properly attached for the whole 24-hours. This could be a
bother to you. The unit may interfere with daily routines such as showering and sleeping. The
control unit prevents the cuff from inflating too high (more than 300 mmHg) or too long (more
than 180 seconds). Disconnect the rubber hose from the control unit to leave the air out of the
cuff if the batteries should fail while the cuff is inflated. You could have an allergic reaction in
the area of the cuff caused by the cuff’s fabric. The reaction could include itching, rash, and/or
swelling. The pressure of the cuff on your skin could cause one or several small reddish or
purplish spots to form in the skin. Usually these are harmless and will disappear in a few days.
However, the spots could lead to a sudden, longer lasting bruising or inflammation of a vein.
The pressure of the cuff could cause bruising. You will tell us whether you bruise easily. If you
bruise easily, you will not use the monitor. We will give you verbal and written instructions.
Occlusion of Blood Flow to the Arm: Your arm will likely feel numb or tingly while the cuff is
inflated. This feeling is akin to your arm falling asleep. Also during this time, the color of your
arm may become lighter, grayed, or bluish. When they deflate the cuff, your arm may appear
reddened (“hyperemia”) for a few minutes. The cuff may cause mild bruising. The technique is
unlikely to produce lasting ill effects.
5. a. Benefits to you: You will receive a medical screening that could inform you about your
health. You will learn your blood pressure. This is important knowledge. High blood pressure
contributes to many serious health problems. If you have high blood pressure, we will advise
you to work with a health care provider to keep your blood pressure controlled.
b. Potential benefits to society: As many as one quarter to one third of adults in the United
States are currently being treated for high blood pressure. People with high blood pressure
have a greater risk for heart disease and death. They can also have a decreased quality of life.
This research could lead to a better understanding of high blood pressure causes the decreased
response of blood vessels. The knowledge gained could help to prevent and treat the impaired
responses of blood vessels due to high blood pressure. Also, the project helps to provide
important experience, education, and degree-work for students of Penn State.
6. Alternative procedures that could be utilized: The procedures used in this study are used in
many other research labs around the world. The procedures are the best ways to explore the
questions and accomplish the goals of this research.
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7. Time duration of the procedures and study: You will need to visit the Noll Lab for the
following:
________ initial Visit 1

Blood Pressure Monitor

24 hours

_______ initial Visit 2

Screening

1.5 hours

_______ initial Visit 3
_______ initial Visit 3 (or 4)

MD Experiment
Biopsy Experiment

5 hours
1 hour

________initial Visit 4 (or 5)

ACh Experiment

5 hours

________initial Visit 5 (or 6)

FLPI Experiment

4 hours

Total: 40.5 hours
8. Statement of confidentiality: Volunteers are coded by an identification number for
statistical analyses. All records are kept in a secure location. All records associated with your
participation in the study will be subject to the usual confidentiality standards applicable to
medical records (e.g., such as records maintained by physicians, hospitals, etc.), and in the event
of any publication resulting from the research no personally identifiable information will be
disclosed. The Office of Human Research Protections in the U.S. Department of Health and
Human Services, the U.S. Food and Drug Administration (FDA), The Penn State University Office
for Research Protections (ORP) and The Penn State University Institutional Review Board may
review records related to this project.
9. Right to ask questions: Please contact Lacy Alexander (W: 814-867-1781, H: 814-880-9217)
or Jane Pierzga (W: 814-865-1236, H: 814-692-4720) with questions, complaints, or concerns
about this research. You can also call this number if you feel this study has harmed you. If you
have any questions, concerns, or problems about your rights as a research participant or would
like to offer input, please contact Penn State University’s Office for Research Protections (ORP)
at (814) 865-1775. The ORP cannot answer questions about research procedures. Questions
about research procedures can be answered by the research team.
10. Payment for Participation:
MD Experiment: You receive $15.00 for each of the MD probes inserted in your arm (maximum
$60.00). You will receive $20.00 more for completing the MD experiment.

Biopsy Experiment: You receive $50.00 for each of the biopsies (maximum $100.00).
ACh MD Experiment: You receive $15.00 for each of the MD probes inserted in your arm
(maximum $45.00). You will receive $20.00 more for completing the MD experiment.
FLPI Experiment: You will receive $30.00 for completing the FLPI experiment.

Total = $275.00
In addition, you may choose one of the following: lab T-shirt, bag, or other item we may
offer.
For each trial, you receive an amount of money equal to the part of the trial that you complete.
For instance, if you complete only half of an MD trial you receive $15.00 for each probe we
insert plus $10.00 for that experiment. This is because $10.00 is one half of $20.00. If you
complete half of the FLPI experiment you receive $15.00 for that experiment. This is because
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$15.00 is one half of $30.00. We may request that you repeat an experiment. If you agree to
repeat, you receive the amount for the repeated trial as stated above.
Total payments within one calendar year that exceed $600 will require the University to annually
report these payments to the IRS. This may require you to claim the compensation that you
receive for participation in this study as taxable income.
10. Injury Clause: In the unlikely event you become injured as a result of your participation in
this study, medical care is available. Please call Lacy Alexander (W: 814-863-2948, 814-8809217), Susan Slimak (W: 814-863-8556, H: 814-237-4618), or Jane Pierzga (W: 814-865-1236, H:
814-692-4720). It is the policy of this institution to provide neither financial compensation nor
free medical treatment for research-related injury. By signing this document, you are not
waiving any rights that you have against The Pennsylvania State University for injury resulting
from negligence of the University or its investigators.
11. Voluntary participation: Your being in this study is voluntary. You may withdraw from this
study at any time by telling the researcher. If you decide to withdraw, you will not have a
penalty or loss of benefits you would receive otherwise. You may decline to answer certain
questions. You may decide not to comply with certain procedures. However, your being in the
study may be contingent upon answering these questions or complying with the procedures.
The researcher may end your role in the study without your consent if the researcher deems
that your health or behavior adversely affects the study or increases risks to you beyond those
approved by the Institutional Review Board and agreed upon by you in this document. You have
been given an opportunity to ask any questions you may have, and all such questions or
inquiries have been answered to your satisfaction.
12. Abnormal Test Results: In the event that abnormal test results are obtained, you will be
apprised of the results immediately and advised to contact a health care provider for follow-up.
We will give the results of our measurements to you or, upon your request, send them to your
doctor.
You must be 18 years of age or older to take part in this research study. If you agree to take part
in this research study and the information outlined above, please sign your name and indicate
the date below.
You will be given a copy of this signed and dated consent form for your records.
______________________________________________
Volunteer
Date
I, the undersigned, have defined and explained the studies involved to the above
volunteer.
______________________________________________
Investigator
Date
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