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Progesterone enhances adrenergic control of skin blood
flow in women with high but not low orthostatic tolerance

Megan M. Wenner!:2, Hugh S. Taylor? and Nina S. Stachenfeld!-?

"The John B. Pierce Laboratory, New Haven, CT, USA
2Department of Obstetrics, Gynecology and Reproductive Sciences, and *Yale School of Public Health, Yale University School of Medicine, New Haven,
CT, USA

Non-technical summary Women experience orthostatic intolerance (the inability to maintain
blood pressure during postural changes) more frequently than men. This difference between men
and women may in part be related to how oestradiol and progesterone influence dilatation and
constriction of blood vessels. We show that progesterone enhances vasoconstriction in women
who have a higher tolerance to orthostatic stress, but not in women with low tolerance. The
increase in vasoconstriction with progesterone administration in women with high tolerance
appears to be mediated by prostaglandins (hormone-like substances that assist in maintaining
bodily functions). These results show that progesterone alters blood vessel constriction and can
help us understand blood pressure regulation in women.

Abstract Women are more susceptible to orthostatic intolerance. Peripheral o-adrenergic
responsiveness is important in orthostasis and is lower in women compared to men, and is
modulated by female sex hormones. We tested the hypothesis that oestradiol attenuates peri-
pheral cutaneous adrenergic responses in women with low orthostatic tolerance (LT), whereas
progesterone enhances adrenergic responses in women with high orthostatic tolerance (HT).
After completing a maximal lower body negative pressure test to determine level of orthostatic
tolerance (cumulative stress index, CSI), women self administered a gonadotropin releasing
hormone (GnRH) antagonist for 16 days to suppress endogenous sex hormone production.
Oestradiol (E,, 0.2 mgday~!, patch; days 4-16), and progesterone (P,, 200 mgday~!, oral;
days 12—-16) were administered. Skin blood flow responses to graded intradermal microdialysis
infusions of noradrenaline (NA) were measured during GnRH antagonist, E,, and E,+P,, in
eight HT (S.E.M.=22 =+ 1 years, CSI —871 & 86 mmHg min) and eight LT (21 £ 1 years, CSI
—397 £ 65 mmHg min) women. In separate probes, NA was infused alone, and co-infused
with the nitric oxide synthase inhibitor N®-monomethyl-L-arginine (L-NMMA, 10 mm), the
non-selective cyclooxygenase inhibitor ketorolac tromethamine (Keto, 10 mMm), and combined
L-NMMA + Keto (10 mMm each). Progesterone administration enhanced adrenergic responses
in HT women (logECsy GnRH —4.02 &£ 0.39, E,+P; —5.18 & 0.31, P < 0.05); this response was
reversed with Keto (E,+P4 logECsy NA+Keto —3.82 &£ 0.35, P < 0.05). In contrast, no change
in adrenergic responsiveness occurred in LT women during any hormone condition. These data
indicate differential regulation of cutaneous adrenergic responses by progesterone via the cyclo-
oxygenase pathway in women with high and low orthostatic tolerance.
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Abbreviations Adr, adrenaline; BP, blood pressure; BMI, body mass index; COX, cyclooxygenase; CSI, cumulative
stress index; CVC, cutaneous vascular conductance; E,, oestradiol; GnRH, gonadotropin releasing hormone; HT, high
tolerance; Keto, ketorolac tromethamine; LDF, laser Doppler flowmetry; LBNP, lower body negative pressure; LT, low
tolerance; MAP, mean arterial pressure; NA, noradrenaline; NO, nitric oxide; NOS, nitric oxide synthase; L-NMMA,
N¢-monomethyl-L-arginine; PRA, plasma renin activity; P,, progesterone; SkBE, skin blood flow.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society DOI: 10.1113/jphysiol.2010.194563



976 M. M. Wenner and others

Introduction

Assumption of upright posture produces a sudden down-
ward shift of central blood volume, with pooling of as
much as 700 ml of blood in the lower abdomen and lower
limbs and away from the central and cerebral areas (Rowell,
1993). If not for mechanisms evolved to maintain blood
pressure, this loss of central blood volume would result in
syncope.

During orthostatic challenges, both initial and
prolonged mechanisms contribute to maintain blood
pressure. The initial, neural reflex response includes both
central and peripheral cardiovascular adjustments, which
include an increase in sympathetic outflow, heart rate and
peripheral vasoconstriction. Peripheral vasoconstriction
in muscle and skin accounts for up to 40% of the change
in total vascular resistance, with vasoconstriction of the
splanchnic region and kidneys contributing the balance
(Rowell et al. 1972; Rowell, 1993). Thus, reduced peri-
pheral vasoconstrictive responses to adrenergic stimuli are
likely to contribute to orthostatic intolerance. The degree
to which an individual can vasoconstrict in response to
changes in posture may determine his or her orthostatic
tolerance (Fu et al. 2004b) and may partially explain why
women are more susceptible to orthostatic intolerance
compared to men (White et al. 1996; Convertino, 1998).
For example, women have a lower vasoconstricting
response to a-adrenergic stimuli, as measured by finger
blood flow changes during brachial artery infusion of
phenylephrine (Freedman et al. 1987). An additional study
measuring forearm blood flow using plethysmography
demonstrated that women have greater 8,-adrenergically
mediated vasodilatation compared to men (Kneale et al.
2000). In women presumed to have normal orthostatic
tolerance, vasoconstriction is enhanced during the luteal
phase of the menstrual cycle (when both oestrogens and
progesterone levels are elevated) compared to the early
follicular phase (when oestrogens and progesterone are
at their lowest) (Freedman & Girgis, 2000). Thus, it is
likely that the oestradiol and progesterone modulation of
vasodilatory and vasoconstrictor responses play a role in
orthostatic tolerance.

Adrenergic responsiveness of the cutaneous circulation
was used in the present study as a model to investigate
mechanisms controlling peripheral adrenergic control of
blood pressure. Under resting conditions, the cutaneous
circulation is under adrenergic control (Hodges &
Johnson, 2009), and cutaneous blood flow plays a
major role in the peripheral vasoconstrictor response to
orthostatic challenge during normothermic conditions,
especially at high levels of orthostatic stress (Beiser
et al. 1970; Rowell ef al. 1973; Tripathi & Nadel, 1986).
Furthermore, the cutaneous circulation can be used as a
generalized model of microvascular function (Holowatz
et al. 2008) because responses in the cutaneous micro-
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vasculature parallel those in other parts of the body
(Abularrage et al. 2005; Holowatz et al. 2008) and can
predict chronic disease associated with a number of
syndromes (Stewart et al. 2004, 2007). Finally, the skin
is a readily accessible vascular bed (Wilson et al. 2003) and
so allows for the exploration of important mechanisms
relating to nitric oxide (NO) and prostaglandin inhibition
(via intradermal microdialysis) without exposing the
whole body to these drugs.

To examine the effects of female reproductive
hormones on adrenergic responsiveness in relation
to orthostatic tolerance, we suppressed endogenous
production of oestrogen and progesterone using the
gonadotropin-releasing hormone (GnRH) antagonist,
ganirelix acetate, and then administered 178-oestradiol
alone, followed by combined oestradiol and progesterone.
Specifically, the purpose of this investigation was to
determine the effects of oestradiol (E,) and progesterone
(P,) on cutaneous vasoconstrictor responses in women
with high (HT) and low (LT) orthostatic tolerance. We
hypothesized that (1) oestradiol attenuates cutaneous
adrenergic responsiveness more in LT compared to
HT women; and (2) progesterone enhances cutaneous
adrenergic responsiveness more in HT compared to LT
women. Our overall hypothesis was that women with low
orthostatic tolerance are more sensitive to the vasodilatory
effects of oestradiol, but less sensitive to progesterone
induced vasoconstriction compared to women with high
orthostatic tolerance.

Methods

Eighteen healthy young women were recruited for the
study. All women were normotensive and non-smoking
and had a body mass index (BMI) <30 kg m~2. Women
were excluded if they had a history of blood clots,
high blood pressure, stroke, epilepsy, diabetes, or cancer.
Pregnant women or those who had irregular menstrual
cycles were excluded. Subjects refrained from caffeine
(12 h), alcohol (12 h), and exercise (24 h) prior to testing.
Women were instructed to drink 7 mlkg™' of water the
night before the study, but restricted their fluid intake
the morning of the study to avoid the need to change
postures during the protocol to void. All subjects gave
written informed consent to participate in the study, which
conformed to the Declaration of Helsinki and had prior
approval by the Human Investigation Committee of Yale
University School of Medicine.

Experimental design

Determination of orthostatic tolerance. Each woman
completed a lower body negative pressure (LBNP) test to
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determine her level of orthostatic tolerance. Experiments
were conducted in a temperature controlled room (27°C,
<30% rh). All subjects lay in the supine position with their
legs inside the LBNP box, which was sealed at the level of
the iliac crest. An intravenous catheter was placed in the
left arm for blood sampling. Subjects were instrumented
for measurements of heart rate (single lead ECG), beat-to
beat blood pressure (BP, Finometer, Finapres Medical
Systems, Amsterdam, The Netherlands), and respiration
(Pneumotrace IT model 1132, UFI, Morro Bay, CA, USA).
An automated upper arm blood pressure cuff was also
used for standard brachial blood pressure measurements
(Colin Medical Instruments, Komaki, Japan) during the
LBNP test as a backup for subject safety, but the Finometer
data were used in all analyses. After a 30 min supine rest
period, a blood sample was taken and 5 min of base-
line measurements commenced. The LBNP test started
with applying negative pressure at —15 mmHg for 3 min,
followed by —20 mmHg for 3 min. Each subsequent
stage decreased in pressure by —10 mmHg (—30, —40,
—50 mmHg, etc.) in 3 min intervals until presyncope.
Test termination was determined using any one of the
following criteria: a decrease in systolic BP < 80 mmHg; a
decrease in systolic BP to <90 associated with symptoms
of lightheadedness, nausea, sweating or diaphoresis; or
progressive symptoms of presyncope accompanied by
a request from the subject to terminate the test. A
second blood sample was taken at test termination. Blood
samples were analysed for haemoglobin, haematocrit,
noradrenaline (NA), adrenaline (Adr), and plasma renin
activity (PRA). A cumulative stress index (CSI) was
calculated for each woman by summing the product of
the negative pressure (mmHg) and the time (minutes)
spent at that stage (Fu et al. 20045, 2005). A more negative
CSI indicated a higher negative pressure attained prior
to presyncopal symptoms and thus higher orthostatic
tolerance.

Experimental protocol

All women completed three experimental conditions: (1)
gonadotropin-releasing hormone (GnRH) antagonist, (2)
GnRH antagonist + oestradiol, and (3) GnRH antagonist
+ oestradiol + progesterone. Each experimental visit was
separated by 1 week. During each visit, we measured
the cutaneous vascular responses to graded noradrenaline
infusions via intradermal microdialysis (see below). Red
blood cell flux, an index of skin blood flow (SkBF), was
measured over each site of microdialysis infusion using
laser Doppler flowmetry (LDF, Perimed, Jérfilla, Sweden).
Experiments were conducted in a temperature controlled
room (27°C).
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Hormonal intervention

GnRH antagonist (ganirelex acetate). Ganirelix acetate is
a synthetic decapeptide with high antagonistic activity
against naturally occurring gonadotropin-releasing
hormone (GnRH). Ganirelix acetate is derived from native
GnRH with substitutions at positions 1, 2, 3, 6, 8 and
10. When ganirelix acetate is given in therapeutic doses
it acts by competitively blocking the GnRH receptors on
the pituitary gonadotroph and subsequent transductions
pathway. It induces a rapid, reversible suppression of
gonadotropin secretion (Oberye et al. 19994,b). In
young women with regular menstrual cycles, continued
administration of ganirelix acetate leads to suppression
of oestrogens and progesterone to postmenopausal levels.
These decreases occur after 36—48 h of administration, and
the suppression of the hypothalamic—pituitary—ovarian
axis is reversed upon cessation of drug therapy (Oberye
etal. 1999a,b).

Women self-administered (subcutaneous injection) a
GnRH antagonist (Ganirelix acetate, 250 ug in 0.5 ml
normal saline, Organon, Roseland, NJ, USA) daily to
suppress endogenous reproductive hormone production
for 16 days. Women began using the GnRH antagonist
on days 25-28 of their menstrual cycle, and continued
daily for 16 days. Oestradiol (E,, 0.2 mgday™! patch,
Vivelle, CIBA Pharmaceuticals, Summit, NJ, USA) was
administered on days 4-16, and progesterone (Py,
200 mg day~!' Prometrium, oral, Solvay Pharmaceuticals,
Marietta, GA, USA) was added on days 13—-16. Women
using hormonal oral contraceptive pills (n=15) stopped
taking their pills and began taking the injections on what
would have been the final day of the pill cycle; they were not
tested until a full 3 days after stopping their contraceptive
pills.

Skin blood flow studies

Subjectsarrived at the laboratoryat approximately 07.00 h,
after refraining from caffeine and alcohol for at least
12 h. After giving a urine sample, they were weighed.
Subjects were then seated in a semi-recumbent position
for instrumentation (see below), and remained in that
position throughout the study.

Microdialysis probe placement. Under sterile conditions,
four 27-gauge needles were inserted on the dorsal aspect
of the forearm (intradermal). The entrance and exit sites
were 2 cm apart and the placement of each needle was
separated by at least 2 cm. Microdialysis probes were
threaded through the lumen of the needle. The needle was
removed, leaving the hollow fibre portion of the micro-
dialysis probe in place under the skin. All four micro-
dialysis probes were infused with 0.9% saline (2 ul min™";
microinfusion pump, Harvard Apparatus, Holliston, MA,
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USA) for 120 min after placement to allow for recovery.
Following probe placement, an 1.v. catheter was inserted
for blood sampling. The first blood sample was taken a
minimum of 60 min after catheter placement. A total of
three venous blood samples were taken (beginning, middle
and end of protocol) for the analysis of haemoglobin and
haematocrit. Blood was also drawn for the measurement
of plasma oestradiol (p[E,]) and progesterone (p[P,])
concentration, and plasma concentrations of NA, Adr and
PRA at the beginning and end of each SkBF experimental
visit.

Cutaneous vascular responsiveness. Skin blood flow was
measured by LDF probes over the four separate sites
corresponding to the microdialysis probes throughout the
experimental protocol, and beat-by-beat BP (Finometer)
was measured at the finger on the contra lateral
hand. After the 120 min recovery period from probe
placement, baseline SkBF measurements were made
for 10 min. Each microdialysis probe was then infused
with one of the following: (1) 0.9% saline; (2) the
nitric oxide synthase (NOS) inhibitor N®-monomethyl-L-
arginine (L-NMMA, 10mm); (3) the non-selective
cyclooxygenase inhibitor ketorolac tromethamine (Keto,
10 mM); (4) combined L-NMMA + ketorolac (10 mm
each). All probes were infused at a rate of 5l min™!
for 45min. Skin temperature was maintained at
34°C through heating units within the laser Doppler
probes during microdialysis infusions. After infusing the
pharmacological blocking agents, increasing doses of
noradrenaline (NA) were continuously infused at a rate
of 5 ul min™! for 15 min at the following doses: 1 x 1078,
1x107%1x107>,1 x 1074, 1 x 1073 M. Each dose of NA
was co-infused with one of the respective pharmacological
agents listed above. Therefore, all four microdialysis
probes were progressively infused with noradrenaline,
with each individual microdialysis probe receiving one
of the three pharmacological agents, in addition to one
probe receiving NA alone. A 5min saline wash-out was
used between each dose of noradrenaline. All microdialysis
syringes were prepared the morning of the study by the
Investigational Drug Services at Yale New Haven Hospital.

Blood analysis

An aliquot was transferred into a tube without anti-
coagulant for the determination of p[E,], and p[P,]. The
samples were centrifuged, frozen immediately and stored
at —80°C until analysis. Catecholamines were analysed
using high performance liquid chromatography (HPLC)
with electrochemical detection (Colorchem Detector, ESA
Corp., Acton, MA, USA) with intra-assay and inter-assay
coefficients of variation of 1% and 10%, respectively.
Plasma concentrations of E, and P4, and PRA were
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measured using competitive binding radioimmunoassay
methods. Intra-assay coefficient of variation for the
mid-range standard for p[E,] (s.e.M. =180 4+ 13 pgml™')
was 2.4% (Siemens Healthcare Diagnostics, Los Angeles,
CA, USA), and for p[P,] (3.5+0.2ngml™") was 1.8%
(Siemens Healthcare Diagnostics). Intra- and inter-assay
coefficients of variation for PRA (standards range
3.6-6.6 ng angiotensin I ml™' h™') were 2.3% and 2.7%
(Diasorin, Stillwater, MN, USA). Intra- and inter-assay
coefficients of variation for the mid-range standards
for aldosterone (175 4 18 pgml™') were 1.7% and 1.9%
(Siemens Healthcare Diagnostics), and for angiotensin II
(14.5+ 4.3 pmol 1) were 2.0% and 3.2%, respectively
(IBL America, Minneapolis, MN, USA).

Data analysis

The women were divided into low and normal/high
orthostatic tolerance groups; low orthostatic tolerance
was defined a priori as CSI < —600 mmHg min based
on previous data reported in the literature (Sather
et al. 1986; Fu et al. 2004a, 2005). Laser Doppler
flowmetry data were recorded at 1000 Hz using LabChart
7 (ADInstruments, Bella Vista, NSW, Australia). The
final 2 min of SkBF and mean arterial blood pressure
(MAP) at each NA dose were used for analysis, and
all SkBF responses were closely inspected to ensure
a plateau had been reached at each level. Cutaneous
vascular conductance (CVC) was calculated as mean
SkBF/MAP, and expressed as a percentage of baseline.
Noradrenaline doses were transformed to logarithmic
concentrations, and CVC normalized so that baseline
CVC =100% (pre-NA infusion), and percentage base-
line CVC at the highest NA concentration =0. We
did not observe a significant vasoconstriction at the
first concentration (107%) of NA. We used a sigmoidal
dose-response curve with variable slope, equivalent to
a four-parameter logistic equation (Dodson & Rhoden,
2001; Wilson et al. 2002), with constraints set for the
bottom (zero) and top (100) parameters (Prism v4,
GraphPad Software Inc., La Jolla, CA, USA) to best fit
parameters of the model. The log ECs, (dose where 50% of
the drug has maximal effects) and Hill slope (to define the
sensitivity to an adrenergic stimulus) of the dose—response
curves were determined by non-linear regression curve
fitting of mean dose-response data fitted to the equation
Y= Ymin + (Ymax - Ymin)/(l + [ECSO/X]n)r where Ymin
and Y. are the minimal and maximal responses,
respectively, X is the NA concentration, and n is the
Hill slope (Prism). We analysed the differences within
each tolerance group across hormone conditions using
Friedman’s test for repeated measures comparisons
(Prism). Differences in baseline characteristics between
the two groups were determined by independent ¢ tests.
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Table 1. Subject characteristics and hormonal profile
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HT women LT women
Age (years) 22 £ 1 21 £ 1
Height (cm) 161 + 2 159 + 1
Mass (kg) 61 + 3 56 + 1
BMI (kg m~—2) 24 £+ 1 22 £+ 1
CSI (mmHg min) —871 4+ 86  [range —605 to —1257] —397 + 65 [range —118 to —600]

GnRH E> E>+Pg GnRH E; E>+Pg

plE2] (og mI=") 38 + 9 203 + 45¢ 179 + 28 1+9 239 + 30t 221 + 331
p[P4] (ng ml—") 09 £+ 0.3 0.6 + 0.1 20.6 &+ 5.67 0.6 + 0.1 0.6 £+ 0.1 15.8 + 5.3}

Data are presented as means + s.e.M. HT, high tolerance; LT, low tolerance; BMI, body mass index; CSI, cumulative stress index;
GnRH, gonadotropin releasing hormone; E;, oestradiol; E;+P4, oestradiol combined with progesterone; p[E;], plasma oestradiol
concentration; p[P4], plasma progesterone concentration. {P < 0.05 compared to GnRH antagonist.

Differences were considered statistically significant when
P < 0.05. All data are presented as means =+ S.E.M.

Sample size calculation. Sample size calculations were
based on our primary outcome variable of interest:
the log ECs, and slope of our SkBF-NA dose-response
curves. The desired statistical test was two-sided, and we
assumed an o level equal to 0.01 to account for multiple
comparisons (Hintze, 2001). Holowatz et al. (2003) report
a percentage change in CVC using L-NAME during micro-
dialysis with laser Doppler techniques of 23 &+ 0.8%. Given
eight women per group and o = 0.01, this effect size would
allow us >80% power to differentiate these changes from
chance (Hintze, 2001).

Results

Two women experienced symptoms during the GnRH
antagonist intervention (one woman had mild vasomotor
symptoms, and another experienced breast tenderness),
but symptoms did not cause any woman to leave the study.
One woman (high tolerance, HT) discontinued the study
due to scheduling conflicts, and insufficient data were
collected in a second woman (low tolerance, LT) because of
technical difficulties during the infusion studies. Therefore
data are reported on 16 women (eight HT, eight LT). The
high and low tolerance women were similar with respect to
age, height, mass and BMI (Table 1). All women included
in the analysis reached maximal tolerance as defined by
criteria previously described, and their haemodynamic
and hormonal responses to the maximal LBNP test were
similar in both high and low tolerance women (Table 2).
Both endogenous oestradiol and progesterone
production were suppressed during GnRH antagonist
administration (Table1). As expected, p[E,] increased
during E, administration, while p[Ps;] remained
suppressed, whereas both p[E,] and p[P,] increased
during combined E,+P, administration. The hormone
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levels were similar between groups under all conditions.
Plasma renin activity and p[NA] were similar between
HT and LT women and across hormone conditions (data
not shown).

Skin blood flow responses

Women with high orthostatic tolerance. Oestradiol
administration did not alter the cutaneous vaso-
constricting response to NA compared to GnRH
antagonist administration in women with high orthostatic
tolerance (Table3, Fig.1A). However, the combined
E,+P,4 condition induced a leftward shift in the SKBF-NA
dose-response curve compared to GnRH antagonist
administration indicating enhanced constriction (Fig. 1A,
P <0.05). The progesterone-induced vasoconstriction
during combined E,+P, was reversed with COX
inhibition (Table 3, Fig.2C, P <0.05). Although NOS
inhibition had no consistent effect under any hormone
condition, COX inhibition enhanced the vasoconstrictor
response during GnRH antagonist administration
compared to NA alone (Table3, Fig.2A, P <0.05),
and this effect was diminished by E, administration
(Table 3, Fig. 2B, P < 0.05). NOS inhibition and combined
COX+NOS inhibition did not affect the SkBF-NA
dose-response curve during GnRH antagonist, E,,
or combined E,+P, administration (Table 3). Baseline
absolute CVC was not altered by hormone treatment or
microdialysis infusion site (Table 4).

Women with low orthostatic tolerance. Neither E,
nor combined E,+P, altered the vasoconstricting
response to NA compared to GnRH antagonist alone
in women with low orthostatic tolerance (Fig.1B).
Similar to women with high orthostatic tolerance,
COX inhibition enhanced the vasoconstrictor response
during GnRH antagonist administration compared to NA
alone (Table 3, Fig. 3A, P < 0.05) and E, administration
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Table 2. Haemodynamic and hormonal responses to lower body negative pressure
Lower body negative pressure max test
HT women LT women
Baseline Max Baseline Max

SBP (mmHg) 113+ 4 81 £ 67 114 + 6 89 + 77

DBP (mmHg) 56 + 4 44 + 4} 53+ 4 44 + 5

MAP (mmHg) 72 +£ 4 55 + 4} 68 £ 5 56 + 5t

HR (bpm) 68 + 2 101 + 67 66 + 4 92 + 57

pINA] (pg mI=") 201 + 18 339 £ 20f 173 & 13 259 £ 191

p[Adr] (pg mI~1) 18 £ 3 61 + 30 24 + 7 63 + 17

PRA (ng Ang I ml=" h—1) 1.8 +£ 0.1 4.1 £+ 0.2} 2.0 + 0.3 34 + 0.37

Haematocrit (%) 36.7 £ 08 389 + 1.0f 36.1+ 1.1 37.4 £ 117

Haemoglobin (mg dI=") 114 £ 04 121+ 057 116 £05 119 + 04

Data are presented as means +s.e.m. HT, high tolerance; LT, low tolerance; SBP,

systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure;

HR, heart rate; p[NA], plasma noradrenaline concentration; p[Adr], plasma adrenaline

concentration; PRA, plasma renin activity; Ang |, angiotensin I. 1P < 0.05 compared to

baseline within group.
Table 3. logECsg of dose-response curves

HT women LT women
GnRH E> E>+Pg GnRH E> E>+Pg

NA —4.02 +£0.39 —4.43 + 0.31 —5.18 £ 0.31* —4.41+0.44 —4.69 + 0.26 —4.94 £+ 0.25
NA+Keto —5.60+0.26f —4.814+0.26* —3.824+0.35*j% —6.03+0.35f —4.504+0.27* —5.3540.15%
NA+L-NMMA —4.09 + 0.65 —6.60 + 0.56 —5.09 +0.20 —4.61+0.68 —5.57 + 0.50 —-4.13+0.39
NA+Keto+ L-NMMA  —4.24 £+ 0.57 —4.91+0.38 —4.84 +£0.49 —6.53 £ 0.56 —4.99 +£0.75 —5.06 £ 0.39

Data are presented as means +s.e.m. HT, high tolerance; LT, low tolerance; GnRH, gonadotropin releasing hormone;
E,, oestradiol; E;+P4, oestradiol combined with progesterone; NA, noradrenaline; NA+Keto, noradrenaline combined
with ketorolac tromethamine, a non-selective cyclooxygenase inhibitor; NA+L-NMMA, noradrenaline combined with
NSG-monomethyl-L-arginine, a nitric oxide synthase inhibitor; NA+Keto+L-NMMA, noradrenaline combined with ketorolac
tromethamine and N6-monomethyl-L-arginine. *P < 0.05 compared to GnRH antagonist within group. tP < 0.05 compared
to NA within group. 1P < 0.05 compared to E; within group.

A B
125_ =] GnRH 125_ =] GnRH
o E2
@ 100' A E2P4 * : 100'
= 754 = 754
= 504 = 504
o 251 < 254
= =
< 0 L] L] L] L] < o " " "
Basal -8 6 -4 -2 0 Basal -8 6 -4 -2 0
=25+ -254

log [NA] log [NA]

Figure 1. Dose-response curves to cutaneous microdialysis infusions of noradrenaline (NA) during GnRH
antagonist (GnRH), oestradiol (E;) and combined oestradiol and progesterone (E;+P4) in high tolerance
(A) and low tolerance (B) women

E»+P4 administration enhanced vasoconstriction compared to GnRH antagonist administration in high tolerance
women (*P < 0.05) but not low tolerance women.
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Table 4. Baseline cutaneous vascular conductance

Sex hormones and orthostatic tolerance 981

HT women LT women
GnRH E, E;+Pg GnRH E> E;+Pg
NA 0.36+0.12 0.33+0.10 0.32+0.05 0.31+0.09 0.32+0.07 0.32+0.05
NA+Keto 0.24 +£0.05 0.31+0.10 0.33+0.07 0.41+0.16 0.30+0.06 0.29+0.11
NA+L-NMMA 0.17+0.02 0.27+0.05 0.23+0.06 0.17+0.03 0.18+0.03 0.18+0.03
NA+Keto+L-NMMA  0.25+0.07 0.18 £0.03 0.23+0.06 0.31+0.06 0.23+0.06 0.26 £ 0.05

Data are presented as means =+ s.e.M. in arbitrary units. HT, high tolerance; LT, low tolerance; GnRH,
gonadotropin releasing hormone; E,, oestradiol; E;+Ps4, oestradiol combined with progesterone; NA,
noradrenaline; NA+Keto, noradrenaline combined with ketorolac tromethamine, a non-selective cyclo-
oxygenase inhibitor; NA+L-NMMA, noradrenaline combined with N¢-monomethyl-L-arginine, a nitric
oxide synthase inhibitor; NA+Keto+L-NMMA, noradrenaline combined with ketorolac tromethamine and

NG-monomethyl-L-arginine.

diminished this effect (Table3, Fig.3B, P <0.05).
However, combined E,+P, administration had no affect
on the SkBF-NA dose-response curve during COX
inhibition (Table3, Fig.3C). Finally, NOS inhibition
and combined COX-+NOS inhibition did not affect the
SkBF-NA dose-response curve during GnRH antagonist,
E,, or combined E,+P, administration (Table 3). Baseline
absolute CVC was not altered by hormone treatment or
microdialysis infusion site (Table 4).

Discussion

This is the first study to examine the relationship
among cutaneous adrenergic responsiveness, reproductive
hormone exposure, and orthostatic tolerance in young
healthy women. We utilized a controlled hormone
intervention to determine the interaction between
oestradiol and progesterone on cutaneous vasoconstrictor
responsiveness and orthostatic tolerance in young, healthy,
normotensive women. The main findings of the study

A B
125 GnRH NE 125 o E2NE
1 o GnRH NE+KETO * © E2 NE+KETO
1004 il _ 1004
% 75+ = 75-
= 504 = 50-
: 25- ; 25.1
it 0 T T T T T < 0 T T T T T
Basal -8 6 4 2 %9 Basal -8 -6 -4 -2 0
-25- log [NA] -25- log [NA]
o E2P4 NE
C 425,
o E2P4 NE+KETO*
_ 1004
= 75
= 50
. 25
< 0 L] L] L] i
Basal -8 -6 -4 2 (i}
257 log [NA]

Figure 2. Effect of COX inhibition (Keto) on cutaneous vascular responses to NA in high tolerance
women during GnRH antagonist (A), E; (B) and E;+P4 (C)
COX inhibition enhanced vasoconstriction during GnRH antagonist administration (*P < 0.05) but attenuated the

response during E;+P4 administration (*P < 0.05).
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are as follows: (1) combined oestradiol with progesterone
exposure enhances cutaneous vasoconstriction in women
with normal/high orthostatic tolerance; (2) the enhanced
vasoconstriction seen with progesterone administration
in women with high orthostatic tolerance is mediated
by cyclooxygenase; and (3) there are no effects of
either hormone (oestradiol alone or in combination
with progesterone) on women with low tolerance. Thus,
our data suggest differential regulation of cutaneous
adrenergic responses between women with high and low
tolerance during hormone exposure. Importantly, the
effect on adrenergic responses in the high tolerance women
appears to be mediated by cyclooxygenase supporting a
role for prostaglandins in blood pressure regulation in
young women.

Blood pressure is initially maintained during orthostatic
challenge by baroreflex mediated increases in heart rate
and peripheral vasoconstriction. Vasoconstriction in the
forearm cutaneous circulation occurs during baroreceptor
unloading under normothermic conditions (Rowell et al.
1973; Tripathi & Nadel, 1986), and as such is important to
the maintenance of blood pressure during orthostasis. The
cutaneous circulation is innervated by both sympathetic
vasodilator and vasoconstrictor nerves, so poor peripheral
regulation may be the result of dysfunction in one or
both of these systems. Women are more susceptible to

J Physiol 589.4

orthostatic intolerance, tend to have lower sympathetic
outflow (Hart et al. 2009), and have attenuated peri-
pheral adrenergic responsiveness (Freedman et al. 1987).
Our data indicate that sex hormones modulate adrenergic
control of the cutaneous circulation through a cyclo-
oxygenase mechanism.

Women with high orthostatic tolerance

In women with high orthostatic tolerance, progesterone
induced a leftward shift in the SkBF-NA dose-response
curve, indicating enhanced cutaneous adrenergic
responsiveness. These findings are consistent with
earlier studies showing progesterone negates the vaso-
dilatory effects of oestrogen (Zerr-Fouineau et al. 2009)
and enhances «-adrenergic responsiveness (Freedman
& Girgis, 2000). The enhanced cutaneous adrenergic
response we observed with progesterone in the high
tolerance women was reversed with non-selective
COX inhibition, suggesting prostanoids are mediating
the progesterone-induced vasoconstriction. To our
knowledge, this is the first study demonstrating
progesterone-induced cutaneous vasoconstriction is
mediated through the COX pathway.

Cyclooxygenase breaks down arachidonic acid
to produce both vasodilatory and vasoconstrictor
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Figure 3. Effect of COX inhibition (Keto) on cutaneous vascular responses to NA in low tolerance women
during GnRH antagonist (A), E; (B) and E;+P4 administration (C)
COX inhibition enhanced vasoconstriction during GnRH antagonist administration (*P < 0.05) but responses were

similar during E, and E;+P4 administration.
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prostanoids.  Prostacyclin and its corresponding
receptor (IP) primarily facilitate vasodilatation, whereas
thromboxane and its receptor (TP) cause vaso-
constriction. These prostanoids act on vascular smooth
muscle cells, and are important in maintaining vascular
homeostasis. We observed an enhanced cutaneous
vasoconstrictor response with the non-selective COX
inhibitor ketorolac during hormone suppression,
suggesting inhibition of prostacyclin or IP receptors.
Evidence in cell and animal models indicates that both
oestrogen (Geary et al. 2000; Sobrino et al. 2010)
and progesterone increase prostacyclin production
(Hermenegildo et al. 2005), and progesterone may also
decrease thromboxane production (Oviedo et al. 2011)
and receptor density (Minshall et al. 2001). However
our data suggest that progesterone may also either
increase COX-derived constrictor products or alter
prostanoid receptor expression, leading to enhanced
cutaneous adrenergic responsiveness in young healthy
women. Recent data suggest a shift toward vasoconstrictor
prostanoids in the cutaneous microcirculation with ageing
(Holowatz et al. 2009), such that the balance between
TP and IP receptors is altered in a way that favours
vasoconstriction (Tang & Vanhoutte, 2008). Based on our
current findings, we speculate that female sex hormones
may alter the ratio of TP and IP receptor expression,
shifting the balance to a pro-constrictor state when both
oestradiol and progesterone are elevated. Thus, in this
healthy young group, the progesterone-induced increase
in cutaneous vasoconstriction may be advantageous
in maintaining peripheral vasoconstriction during
orthostatic stress. Therefore, the progesterone associated
increases in cutaneous adrenergic responsiveness in
women with normal/high orthostatic tolerance together
with plasma volume and extracellular fluid volume
expansion (Stachenfeld & Taylor, 2005) may help to
compensate for fluid shifts during orthostatic stress
more rapidly, thereby maintaining blood pressure and
improving tolerance. Finally, oestradiol administration
alone or in combination with progesterone attenuated
cutaneous adrenergic responses compared to GnRH
antagonist during COX inhibition (Fig.2, Table 3),
suggesting that oestradiol administration can either
override the effects of prostaglandin inhibition during
adrenergic stimulation, or that oestradiol exposure
reduces adrenergic responsiveness through another
mechanism such as nitric oxide.

A surprising finding is that combined NOS and COX
inhibition did not induce vasoconstriction, comparable
to or greater than COX inhibition alone, which
can only indicate an interaction between these two
pathways. Crosstalk between the two systems has been
documented (Mollace et al. 2005), and interestingly,
NO inhibition may also result in an attenuated release
in prostaglandin E2 (Salvemini et al. 1993). However,
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other studies have reported that NO inhibition may
enhance the release of prostacyclin (Mollace et al. 2005)
or endothelial-derived hyperpolarizing factor (Lenasi &
Strucl, 2008), possibly serving as a redundant vasodilatory
system. Furthermore, COX inhibition with ketorolac may
alter NO bioavailability during thermoneutral baseline
conditions (Holowatz et al. 2009). While the nature of this
interaction between NO and COX is not apparent from
our data, we suspect that either low NO bioavailability
or altered prostanoid production through the reciprocal
relationship between NO and COX is interfering with the
adrenergic response.

Women with low orthostatic tolerance

In contrast to women with high tolerance, combined
oestradiol and progesterone administration did not
enhance cutaneous vasoconstrictor responses to
adrenergic stimulation, indicating they are less sensitive
to the vasoconstrictor effect of progesterone relative to
women with normal/high tolerance. Similar to women
with high orthostatic tolerance, COX inhibition enhanced
vasoconstriction in women with low orthostatic tolerance
during hormone suppression. This enhanced constriction
was attenuated with oestradiol administration (similar
to women with high tolerance), although this effect was
not observed with combined oestradiol and progesterone
administration. Thus, women with low orthostatic
tolerance were insensitive to the vasoconstricting
effects of progesterone and may lack COX-derived
constrictor products (or sensitivity to them) in the
periphery. We propose that an impaired or absent
progesterone-mediated  adrenergic  vasoconstrictive
response reduces resting peripheral vascular resistance,
delaying cardiopulmonary and arterial baroreceptor
responses, thereby reducing the speed and magnitude
of changes in blood flow during shifts in posture.
This delayed compensation to shifts in central volume
leads to lower cardiac filling pressure and cardiac
output, and increases the risk for a slow response
to orthostatic challenges, and syncope. Thus, we
propose that a key difference between the low and
normal/high tolerance groups is the ability to produce
COX-derived constrictor products via progesterone to
support cutaneous adrenergic responsiveness during an
orthostatic challenge. Based on the opposing actions of
progesterone during COX inhibition in high tolerance
women, we speculate that through the cyclooxygenase
pathways, high tolerance women are able to regulate
vasodilatory and vasoconstricting actions to balance
blood pressure or fluid shifts whereas low tolerance
women are either insensitive to the vasoconstrictor
pathway or sensitive to vasodilatory prostanoids.
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Similar SkBF responses in both groups

The vasodilatory effects of oestrogen are well established
although the mechanisms are still widely debated
(Orshal & Khalil, 2004). Oestrogen-induced vaso-
dilatation primarily occurs through increasing NO
bioavailability (Sudhir ef al. 1996). Oestrogen exposure
may attenuate peripheral vasoconstrictor responses, as
demonstrated after 8 weeks of oestradiol supplementation
in perimenopausal women (Sudhir et al. 1997). Nitric
oxide attenuates cutaneous vasoconstrictor responsiveness
to noradrenaline in men (Shibasaki et al. 2008). Thus, we
hypothesized that oestradiol would attenuate NA-induced
cutaneous vasoconstriction via NO in the women in
our present study. However, we did not see an effect of
oestradiol exposure on cutaneous adrenergic responses in
either group (Fig. 1). Similarly, we did not see an impact
of NOS inhibition (alone or in combination with COX
inhibition) on cutaneous adrenergic responses. The reason
for the lack of a response is not apparent from our data,
but may be due to low NO bioavailability, and therefore
any further attenuation of adrenergic effectiveness or
sensitivity by inhibiting NOS plus COX would have
been minimal. There are a number of other possible
explanations; first, our GnRH antagonist suppressed
oestradiol, which may have reduced the bioavailabity of
NO, so any further changes induced by our NOS inhibitor
would have been minimal. Ovariectomy impairs NO
bioavailability and endothelial-dependent vasodilatation,
which is not restored until after 3 months of oestrogen
replacement (Virdis et al. 2000). Thus, our short period
of oestradiol exposure (7 days) probably would not have
been sufficient to restore NO production and induce vaso-
dilatation (Sudhir et al. 1997). Second, the lack of an effect
of NOS inhibition may also have been due to low base-
line SkBF in the forearm, so vasoconstriction resulting
from NA infusion through the microdialysis probes in
the skin may have been difficult to detect. In order to
avoid this problem, we used mild skin warming, but
the heating remained below 34°C to avoid sympathetic
stimulation (Hodges et al. 2009). Third, it is also possible
thattheimpact of NO is small during cutaneous adrenergic
stimulation, but would be seen under other conditions
such as cholinergically induced cutaneous vasodilatation
(Kellogg et al. 2005; Medow et al. 2008).

Limitations

One limitation in our study is that differences in
the prostaglandin-mediated effects (constriction vs.
dilatation) of progesterone may depend on the receptors
present and the tissues studied (uterine, breast, vascular),
and we only studied skin. In the current study we did
not investigate the cellular mechanisms involved in these
prostaglandin effects, and therefore cannot determine
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the downstream effects (i.e. inhibiting vasodilatation or
inhibiting COX-derived constrictor products, or altering
the balance between the two). Further studies using
selective prostacyclin and thromboxane inhibitors are
needed to elucidate these mechanisms. A second limitation
may be that while the cutaneous circulation can be used as
a generalized model of microvascular function (Holowatz
et al. 2008), we cannot extrapolate our findings to other
tissues or vascular beds, such as the muscle, kidneys or
splanchnic region, key regions in the orthostatic response.
Although studies in healthy subjects (Ray & Wilson, 2004;
Okazaki et al. 2005; Medow et al. 2008) and patients
with postural tachycardia syndrome (Stewart et al. 2003;
Medow et al. 2005) report similarities in vascular responses
between upper and lower extremities, direct measures
of adrenergic responsiveness during difference hormone
exposures would be of great value. Although changes in
cutaneous blood flow are an integral part of the orthostatic
response, vasoconstriction in the lower legs is important
in buffering volume changes during orthostatic challenge,
so future studies examining adrenergic responses during
sex hormone exposure should include this vascular bed.

Summary

Our study is the first to examine interactions between
female reproductive hormones, orthostatic tolerance,
and cutaneous vascular responsiveness. Our findings
support an important role for the prostaglandin system
in the sex hormone effects on the cardiovascular system
in women with normal to high orthostatic tolerance.
Further, the women with lower orthostatic tolerance
were insensitive to the progesterone mediated increases
in adrenergically induced vasoconstriction in the skin,
which may contribute to their lower orthostatic tolerance.
Cyclooxygenase facilitates production of both wvaso-
dilatory and vasoconstrictive prostaglandins, so future
studies may explore differences between the nature
of prostanoid function in women with and without
orthostatic intolerance

Perspectives

Orthostatic intolerance is a common cardiovascular
dysfunction in young women, and is estimated to affect
500,000 Americans (Robertson, 1999). It is the second
most common blood pressure regulation disorder, with
hypertension being the first (Robertson, 1999), and its
effects can be debilitating. Understanding the mechanisms
contributing to orthostatic intolerance is important for
advancing treatment options. For example, oestradiol has
been the primary focus in understanding sex differences
in cardiovascular disease, but our data suggest an
important role for progesterone in supporting adrenergic
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responsiveness in young women. Previous studies indicate
a greater ratio of constrictor prostanoids with ageing
(Tang & Vanhoutte, 2008; Holowatz et al. 2009). Thus,
coupled with our findings of progesterone-induced micro-
vascular vasoconstriction mediated by prostaglandins,
studies on adrenergic responsiveness during progesterone
exposure in menopausal women are needed to determine
if progesterone treatment is detrimental to older women,
or any population at risk for hypertension.
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