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Abstract

Purpose—We hypothesized exercise vasodilation would be greater in women due to nitric oxide
synthase (NOS) and cyclooxygenase (COX) signaling.

Methods—45 healthy adults (23 women, W, 22 men, M, 26 * 1 years) completed two 10-min
trials of dynamic forearm exercise at 15 % intensity. Forearm blood flow (FBF; Doppler
ultrasound), arterial pressure (brachial catheter), and forearm lean mass were measured to
calculate relative forearm vascular conductance (FVCe) = F BF 100 mmHg™! 100 g~ lean mass.
Local intra-arterial infusion of L-NMMA or ketorolac acutely inhibited NOS and COX,
respectively. In Trial 1, the first 5 min served as control exercise (CON), followed by 5 min of L-
NMMA or ketorolac over the last 5 min of exercise. In Trial 2, the remaining drug was infused
during 5-10 min, to achieve combined NOS-COX inhibition (double blockade, DB).

Results—Are mean = SE. Women exhibited 29 % greater vasodilation in CON (AFVCie, 19+ 1
vs. 15+ 1, p=0.01). L-NMMA reduced AFVC,e (p<0.001) (W: A-23+13vs.M:A-3.7+
0.8, p = 0.25); whereas, ketorolac modestly increased AFVC, (p = 0.04) similarly between sexes
(W:A16%1.1vs.M:A2.0+1.6,p=0.78). DB was also found to be similar between the sexes
(p=10.85).

Conclusion—These data clearly indicate women produce a greater exercise vasodilator
response. Furthermore, contrary to experiments in animal models, these data are the first to
demonstrate vascular control by NOS and COX is similar between sexes.
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Introduction

Investigation of sex differences in physiological mechanisms is very important and a
surprisingly uncommon area of research, despite strong epidemiologic evidence of sex-
specific differences in cardiovascular risk as well as responses to physiologic and mental
stress (Shaw et al. 2006; Blauwet and Redberg 2007; Moro et al. 2011; Chen et al. 2012;
Taylor et al. 2014). Our understanding of sex-specific cardiovascular control mechanisms is
limited due to a predominance of male-only human and animal studies (Huxley 2007; Arain
et al. 2009; Miller 2010, 2014), as well as, a lack of mechanistic studies directly comparing
men and women. Within this context, exercise elicits a robust local vasodilation, offering an
excellent model to examine dynamic vascular control mechanisms between the sexes.

The few studies comparing exercise vasodilation between the sexes have produced
conflicting results. For example, healthy young women demonstrated greater vascular
conductance and blood flow (relative to limb muscle mass) during graded single knee-
extensor exercise than men (Parker et al. 2007), which could not be explained by differences
in hemoglobin concentration or mechanical impedance during contraction. Women also
have demonstrated greater vascular conductance during forearm exercise across a range of
workloads (Gonzales et al. 2007; Saito et al. 2008). In contrast, FBF and FVC responses
(relative to forearm volume) to rhythmic forearm exercise at the same % maximum
voluntary contraction (MVC) did not differ between men and women (Limberg et al. 2010;
Casey et al. 2013). Taken together, data make it difficult to interpret whether or not exercise
vasodilation is greater in women. Whether exercise-induced vasodilation is similar or
different, investigation of sex-specific mechanistic control of peripheral vasculature remains
largely unexplored.

To our knowledge, only a single animal study has addressed sex-specific control of skeletal
muscle blood flow (Rogers and Sheriff 2004). Those data indicate female rats display
greater femoral vascular conductance during treadmill exercise, an effect that was abolished
by combined inhibition of cyclooxygenase (COX) and nitric oxide synthase (NOS) (via
indomethacin and L-NAME, respectively) (Rogers and Sheriff 2004). The translational
relevance of one animal study is unclear due to use of ovarectomy followed by
supraphysiologic hormone supplementation (Rogers and Sheriff 2004). Furthermore, the
individual roles of NOS or COX in skeletal muscle of exercising women remains untested,
leaving a large gap in knowledge regarding potential sex differences in vascular control
during dynamic exercise.

Given the conflicting data on exercise vasodilator responses, and the lack of mechanistic
insight comparing men and women, we designed the present study to test for sex-specific
differences in skeletal muscle vascular control in healthy young men and women. Based on
the work of Parker and Rogers and Sheriff, we hypothesized young healthy women would
exhibit a larger skeletal muscle vasodilator response to exercise, and that inhibition of NOS
and COX would eliminate the sex differences.
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Materials and methods

Subjects

45 healthy younger (18-40 years) subjects participated in the study (women n =23, men n=
22). Subjects were matched for age and physical activity (Table 1). All subjects were
healthy, lean (BMI < 25), non-smokers, and were not taking any medications. Female
subjects were not pregnant and were studied during the early follicular phase (days 1-5) of
the menstrual cycle. Hormonal contraception was allowed and women on contraception
were studied during the placebo phase (n = 9). Subjects were instructed to refrain from
exercise, non-steroidal anti-inflammatory drugs (NSAIDs), acetylsalicylic acid (ASAS),
alcohol, and caffeine for 24 h prior to the study day. Subjects also fasted 12 h before
participating in the study. Written informed consent was obtained from all subjects. All
procedures were approved by the Institutional Review Board at the University of Wisconsin,
and conformed to the standards set by the Declaration of Helsinki.

Measurements

Subject characteristics—Weight and height were measured and body composition was
determined by waist circumference, body mass index (BMI, kg m~2), and dual-energy X-ray
absorptiometry (DEXA, GE Lunar Prodigy; Milwaukee, WI). Lean forearm mass of the
experimental limb was also determined from DEXA measurements. Maximal voluntary
contraction (MVC, kg) of the experimental limb was determined as the average of the two
highest measurements from five trials using an isometric hand dynamometer. Arterial blood
was collected after a 12-h fast and levels of triglycerides, total cholesterol, and glucose were
measured immediately (CardioChek; PTS Panels; Indianapolis, IN, USA). Physical activity
levels were estimated using the Paffenbarger (1993) questionnaire.

Brachial artery catheterization, and hemodynamic monitoring—A 20-gauge, 5-
cm catheter was placed in the brachial artery of the non-dominant arm under aseptic
conditions and after local anesthesia (2 % lidocaine). In three subjects (two male, one
female) the catheter was inserted in the dominant forearm due to an inability to catheterize
the non-dominant arm. The catheter was flushed at 3 ml h~1 with saline. Mean arterial
pressure (MAP) was measured with indwelling pressure transducer and monitoring kit
(Hospira, INC, Lake Forest, IL, USA). Beat-by-beat heart rate (ECG; Datex-Ohmeda,
Helsinki, Finland) and arterial pressure measurements were collected throughout the study.

Blood flow—Forearm blood flow was calculated from blood velocity and artery diameters
measured using Doppler ultrasound (Vivid 7, General Electric; Milwaukee, WI, USA). The
ultrasound probe (12 MHz probe) was placed medial to the biceps brachii muscle.
Measurements were made with a fixed insonation angle of <60°, with the sample volume
adjusted to cover the width of the brachial artery (Limberg et al. 2010, 2013). The audio
signal from the Vivid 7 was sampled real-time by a custom-made device which converted
velocity information into a digital signal using fast Fourier transform, which was calibrated
to a specific pulsed Doppler frequency (5 MHz) (Herr et al. 2010). Brachial arterial diameter
was measured on B-mode images in the part of the artery running perpendicular to the
ultrasound beam (Limberg et al. 2010, 2013). Vessel diameter was measured from digital
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video recordings of the artery and diameters were selected as the median of five
measurements in late diastole during the timeframes indicated in Fig. 1. All measurements
were assessed off-line. A mark was made on the skin ensured artery measurements were
taken in the same anatomical position for each trial.

FBF was calculated from mean blood velocity (MBV, cm s71, during the last 30 s of steady-
state rest and exercise) and vessel cross-sectional area (using diameter in centimeter)
measurements and reported in ml min~ [FBF = MBV  (brachial artery diameter cm 271)2
(60 s min71)].

Forearm exercise—Subjects completed dynamic and rhythmic forearm exercise at a
contraction intensity equal to 15 % MVC. The advantages of using this intensity minimizes
increases in MAP and sympathetic nerve activity (Limberg et al. 2014) to allow for direct
comparison of local vasodilation. In order to assess cardiovascular control mechanisms,
which are exercise intensity-dependent, we compared sexes at the same relative exercise
intensity (15 %) (Laughlin et al. 2012). It is important to emphasize this study is focused on
mechanistic control of vasodilation, not oxygen delivery per se. That question is a distinct
but related study, where comparing the same absolute intensity would in theory match
muscle metabolism, but lead to differences in exercise intensity domains and therefore
different mechanistic control.

Subjects were in a supine position with the non-dominant arm extended to the side, at heart
level while raising and lowering a weight 2.5 cm over a pulley. Exercise was completed at a
rate of 20 times per minute (at a duty cycle of 1 s contraction:2 s relaxation) to the rhythm of
a metronome (Schrage et al. 2004; Limberg et al. 2010; Casey et al. 2013). The pulley
system is instrumented with a sensor and indicator light that alerts the subject when the 2.5
cm distance had been completed to ensure standardized the work rate between subjects.

Study protocols

The study required one screening visit and one study visit. Procedures completed as part of
the present study were part of a larger protocol to test resting endothelial function, where all
subjects received endothelium-dependent and independent agonists (in random order), but
both exercise bouts were conducted at the same study time point in all trials. The focus of
this study was to test active vascular control during steady-state exercise, and to determine
whether the individual and combined contributions of NOS and COX differ between men
and women. Thus, the overall approach required two bouts of exercise, where the order of
NOS or COX inhibition was randomized. In order to test the active control of vasculature
during exercise, while avoiding possible confounding signals from the rest-to-exercise
transition, the research design was limited to exercise at a single intensity. All exercise bouts
were preceded by 2 min of resting data (baseline). Two study conditions were conducted: (1)
10 min of dynamic forearm exercise, with L-NMMA (n =9 women, 11 men) or ketorolac
(KETO) (n =14 women, 11 men) administered during the last 5 min, (2) 10 min of dynamic
forearm exercise during a continuous maintenance dose of L-NMMA or KETO during the
first 5 min, with the addition of the remaining drug to achieve a double blockade (DB) for
the final 5 min. Trials were separated by a minimum of 30 min. Time control experiments
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demonstrate vascular responses during 10 min of steady-state exercise at 15 % MVC
(AFBF and AFVC,g)) are not different between 5 and 10 min of exercise, p=0.23,n=7, 3
women, 4 men, unpublished observations.

To maximize local muscle inhibition and minimize systemic effects of drugs, L-NG-
monomethyl arginine (L-NMMA, 250 mg Clinalfa U-1090, Bachem, Germany) and
Ketorolac (KETO, 30 mg, Hospira, INC, Lake Forest, IL, USA) were infused into the
brachial artery of the exercising limb. Drugs were mixed specifically for each study visit. L-
NMMA (5 mg ml~1) was infused at 10 mg min~ for 5 min followed by a 1 mg min~1
maintenance infusion. This dose is greater than or equal to previous studies, where intra-
arterial L-NMMA reduced vasodilation to acetylcholine infusion (Dyke et al. 1995;
Shoemaker et al. 1997; Duffy et al. 1999; Casey and Joyner 2009; Casey et al. 2010) and
steady-state exercise (Casey and Joyner 2009). KETO (0.5 mg mlI~1) was infused at 1.2 mg
min~1 for 5 min followed by a 0.1 mg min~! maintenance infusion. This dose of KETO is
also greater than previous experiments using similar experimental procedures (Schrage et al.
2004, 2010) and those that have determined the efficacy of ketorolac to inhibit COX during
forearm exercise (Dinenno and Joyner 2004). A larger dose of ketorolac was used to ensure
complete inhibition of COX during the entirety of the experiment, as previous experiments
have only found a transient (Schrage et al. 2004) or negligible effect on exercising
vasodilation. Experimental schematic can be observed in Fig. 1.

Data acquisition and analysis

All hemodynamic data were recorded at 400 Hz on a dedicated computer. Post-processing
using PowerLab’s Chart7 application package yielded MBV, arterial pressures, and heart
rates. Hemodynamic variables were taken as 30 s averages at baseline, steady-state exercise
(4:30-5 min of exercise) and drug infusion (9:30-10 min exercise), as indicated by brackets
in Fig. 1. All hemodynamic values were measured continuously throughout the 30-s
sampling period including both contraction and relaxation phases of the duty cycle.
Hemodynamic variables were averaged into 10-s bins to examine a possible transient effect
of ketorolac (COX inhibition) (Schrage et al. 2004).

The primary analysis was to test whether vasodilation responses to exercise were different
between sexes, and whether responses to NOS or COX inhibition in exercising muscle were
different between sexes. To assess exercise vasodilation the main dependent variable was
the change in forearm vascular conductance from baseline (AFVCye) [A FBF (ml min™1)
normalized for arterial pressure and lean forearm mass (A FBF (ml min~1) 100 MAP~1 100
lean forearm mass™1 = AFVCg ml min~1 100 mmHg~ 100 g~1)]. Comparisons using A
FBF e were also conducted (A FBFe = min~1 100 g~1). Baseline refers to the resting period
prior to the onset of the exercise bout in any given trial. Therefore, Trial 1 CON, L-NMMA,
and KETO values are calculated as AFVCye = FVCie CON, L-NMMA, or KETO - FVCrel
baseline no drug infused. Trial 2, double blockade was calculated as AFVCye| pg =

FVCrel DB - FVCrel paseline following loading and maintenance dose of L-NMMA or KETO
received in Trial 1.

Comparing blood flow values at absolute or relative work rates has recently been challenged
(Garten et al. 2014). We propose AFVC,g is the most appropriate approach, as sexes differ
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in resting conductance/blood flow and muscle mass (Table 1). Second subjects exercised at
the same relative intensity, which should activate similar control mechanisms at any given
intensity (Laughlin et al. 2012) (Table 1). Third, most of the change in FBF and FVC is
directed to active muscle (Moore et al. 2010; Bagher and Segal 2011). Therefore, when
comparing vascular responses to exercise, the rise in exercising limb flow (or conductance)
relative to lean or muscle mass is the most appropriate.

Statistical analysis

Results

Statistical analysis was completed using SigmaPlot Version 12.0 (Systat Software, Inc.).
Non-parametric statistical tests were used as a more conservative statistical approach
considering the distribution of vascular responses (i.e., AFVC,g) to exercise, and exercise
with the addition of pharmacological agents was unknown. This approach also avoids
meaningless comparisons encompassed in ANOVA comparisons (e.g., men L-NMMA
exercise response compared to women KETO exercise response). Subject characteristics and
hemodynamic values during the first 5 min of exercise (CON, without drug infusion) were
analyzed using a Mann-Whitney rank sum test to determine if there were differences
between groups (sexes). Effects of drug treatments (L-NMMA, KETO, DB) were examined
by subtracting the hemodynamic value (AFVC,) obtained during CON from the
hemodynamic values obtained during treatment (e.g., AFVC;e| L-NMMA - AFVCi¢| con)-
These values were then tested with one-sample Wilcoxon signed-rank test to determine if
the values are different than zero (zero would represent no drug effect). Differences between
sexes in response to drug treatments were assessed by testing the aforementioned drug
responses between groups using a Mann-Whitney rank sum test (null hypothesis, women
[AAFVCre| «grug” - AFVCrel con] compared to men [AAFVCre| «grug” - AFVCrel conl)-
Mann-Whitney rank sum test was also applied to detect if drug order affected (L-NMMA to
KETO n= 20, KETO to L-NMMA n = 24) values observed in DB. All data are presented as
mean + standard error, and significance was determined a priori at p < 0.05.

Subject characteristics are summarized in Table 1. Subjects exhibited similar age, BMI,
blood pressure, fasting glucose, and physical activity levels. Men displayed greater lean
forearm mass and thus greater forearm strength (MVC).

On average, women displayed a 23 % larger relative forearm blood flow response (AFBF|,
p = 0.03) and a 29 % larger relative forearm vascular conductance response (AFVCye, p =
0.02) to 5 min of exercise at 15 % MVC when compared to men (Fig. 2). When L-NMMA
was infused during steady-state exercise, there was an overall effect of L-NMMA (p <
0.001); however, AFVC, decreased similarly in both sexes (W: A -2.3 £ 1.3 vs. M: A -3.7
+ 0.8, p=0.25) (Fig. 3). Ketorolac increased AFVCyg (p = 0.04). The increases with KETO
were not different between sexes in absolute (W: A1.6 +1.1vs. M: A2.1+1.6,p=0.78) or
relative terms (p = 0.46) (Fig. 4). Close inspection of beat-by-beat data provided no support
for a transient effect of ketorolac (Fig. 5).

Interestingly, the effects of combined NOS—COX inhibition (DB) returned vascular
responses to those observed during control exercise (without drug treatment, p = 0.28).
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These DB responses were similar between sexes (p = 0.85) (Fig. 6). There was also no effect
of drug order in DB (p = 0.68); therefore the groups (L-NMMA in Trial 1, or KETO in Trial
1) were combined for analysis in DB. Additionally, women taking oral contraception did not
differ from women without contraception in response to CON (p = 0.5), L-NMMA (p = 0.6),
KETO (p=0.2), and DB (p = 0.5). We have also considered that men and women working
at different absolute workloads may affect the interpretation of our results. In subjects that
worked at the exact same absolute workload (three men, three women), women still
exhibited greater vasodilation response (W: 16.1 £ 1.1 vs. M: 9.7 + 0.7, p = 0.008). Absolute
measures of FBFe|, FVCie, and MAP are summarized in Table 2. It is important to note that
analysis of FBFg|, AFBF¢|, and FVC,¢ provide similar conclusions of greater exercise
vasodilation in women, but similar contributions of NOS and COX.

Discussion

We studied healthy young men and women to investigate whether the sexes differed in
terms of exercise-mediated vasodilation, as well as whether NOS or COX regulate dynamic
exercise vasodilation in a sex-specific manner. This is the first study in humans to test the
concept of sex-specific vascular control mechanisms during exercise. The key findings from
this study were: (1) women demonstrate robustly greater vasodilator responses to exercise;
(2) NOS inhibition decreased FVC similarly between sexes; (3) COX inhibition increased
FVC similarly between sexes; and (4) sex differences in FVC were still evident after NOS,
COX or combined inhibition of both NOS and COX. These studies provide the mechanistic
and technical rationale for follow-up studies designed to identify NOS— COX independent
mechanisms. Collectively, these data provide the first mechanistic evidence that
contributions of NOS and COX to vasodilation are similar between healthy young men and
women during exercise, and that other novel mechanisms account for greater exercise
vasodilation in women.

Vascular control differences between sexes during exercise

Our data agree with previous findings from Parker et al. (2007) and Saito et al. (2008),
where healthy young women demonstrated greater exercise vascular conductance in leg and
forearm muscles, respectively (Parker et al. 2007; Saito et al. 2008). In further support of our
results, when subjects that are matched for absolute workload were compared, women were
still observed to have a substantially greater vascular response to exercise. These particular
observations are in congruent with Gonzales et al. (2007), who observed greater FVC in
women at submaximal intensities. The current findings are in contrast to similar vascular
responses during forearm exercise between the sexes ranging from 10 to 30 % MVC
(Limberg et al. 2010; Casey et al. 2013). This discrepancy might be due to blood flow
variables made relative to forearm volume (Limberg et al. 2010; Casey et al. 2013) rather
than lean mass. Together, our data along with a handful of recent work (Parker et al. 2007,
2008), strongly suggests exercise vasodilation is greater in young healthy women.
Additionally, our design allowed for the evaluation of NOS and COX pathways mediating
this sex difference.
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Is NOS signaling in steady-state exercising muscle greater in women than men?

Contrary to our hypothesis, NOS inhibition reduced FVC,¢ equally in both sexes (Fig. 3).
This study is the first to directly address this question, and results indicate NOS-mediated
vasodilation was similar between men and women, such that, differences in exercise
vasodilation between sexes are not NOS mediated. This was surprising, given the common
link between female sex hormones and greater NOS expression in both skeletal muscle and
endothelium (Fadel et al. 2003; Gavin et al. 2009). Estradiol levels increase through the
luteal phase and increasing levels of estrogen may create a NOS-mediated rise in exercise
vasodilation, although progesterone may offset estrogen-mediated enhancements (Miner et
al. 2011). Similarly to Parker et al. (2007) we studied women in days 1-5 of the menstrual
cycle, to minimize sex differences in hormones. Thus, the sex differences observed in Fig. 2
are not due to short-term estrogen effects. These data convincingly demonstrate NOS
signaling during exercise is similar between healthy young men and women when not
influenced by hormone fluctuations, yet women still demonstrate a greater vascular response
to exercise.

Nitric oxide has been found to significantly contribute to steady-state exercise vasodilation
but is not obligatory (Schrage et al. 2004). Using a lower exercise intensity (10 % MVC)
and identical exercise device and contraction cycle, we previously observed ~20 % decrease
in exercise vasodilation with NOS inhibition (Schrage et al. 2004). Using the current
protocol we observed ~25 % decrease at 15 % MVC (Fig. 3). Together the data support the
concept that NOS contribution to steady-state vasodilation may increase with exercise
intensity (Wray et al. 2011). Nevertheless, at the exercise intensity examined, the sex-
specific role of NOS appears similar.

Is COX signaling in steady-state exercising muscle different in women and men?

These new data indicate the COX enzyme regulates exercise vasodilation similarly in men
and women (Figs. 4, 5). Prostanoid contributions to exercise hyperemia appears to be
negligible or relatively modest (Shoemaker et al. 1996; Schrage et al. 2004, 2010;
Mortensen et al. 2007). Inhibition of COX prior to exercise onset does not affect vascular
response to exercise (Shoemaker et al. 1996; Mortensen et al. 2007). However, when COX
is inhibited during steady-state exercise there is a small, transient decrease in vascular
conductance (Schrage et al. 2004). The transient decrease is at odds with current data where
KETO increased FVC, similarly in both sexes (Figs. 4, 5). The present study infused ~2x
larger dose of KETO which may have more effectively inhibited thromboxane production in
the active muscle bed, effectively removing a vasoconstrictor stimulus to generate the
greater FVVC observed. Considering prostacyclin and thromboxane have been observed in
the interstitium of contracting skeletal muscle, a shift in the balance between vasoconstrictor
and vasodilator signals appears to be the most plausible explanation (Karamouzis et al.
20014, b). While the impact of COX inhibition may depend on dosing and delivery route,
present data indicate the functional roles of COX products are similar between the sexes
during exercise.
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Does combined inhibition of NOS and COX in steady-state exercising muscle abolish sex
differences?

Concurrent inhibition of NOS and COX have been observed to attenuate blood flow and
vascular conductance during some (Boushel et al. 2002; Schrage et al. 2004; Mortensen et
al. 2007, 2009; Heinonen et al. 2011), but not all (Schrage et al. 2004, 2010; Crecelius et al.
2011) small muscle mass exercise. This discrepancy may be an artifact of differences in
presentation of data. For example, Heinonen et al. (2011) reported significant differences in
vascular conductance relative to muscle mass with NOS and COX inhibition under resting
conditions, but not during exercise (Heinonen et al. 2011). Therefore, the changes from
baseline may also be similar which could be interpreted as combined NOS—COX inhibition
only affects resting values. During forearm exercise, combined NOS-COX inhibition only
appears to reduce hyperemia if drugs are added during steady-state exercise, but not if NOS
or COX is inhibited from exercise onset (Shoemaker et al. 1996; Schrage et al. 2004). The
latter finding is consistent with the current experiment, where DB did not elicit a different
vascular response to control exercise (Fig. 6). When starting from a resting state these data
suggests mechanistic insight to exercise vasodilation is distinctly dependent on the timing
and method of pharmacologic intervention.

Previous data suggest that there is a synergistic NOS— COX interaction during leg exercise
(Boushel et al. 2002; Mortensen et al. 2009; Hellsten et al. 2012). If compensatory
mechanisms do not explain the lack of DB effect presently (Fig. 6), then the directionally
opposite effects of L-NMMA (Fig. 3) and KETO (Fig. 4) seen in the present study, may
indicate NOS and COX work in opposition during dynamic forearm exercise. While our
single inhibition data (Figs. 3, 4) clearly support this interpretation for DB (Fig. 6), our data
are at odds with Boushel et al. (2002), who reported an exercise intensity-dependent
reduction in leg blood flow during combined NOS—-COX inhibition. Beyond the potential for
limb differences, inhibition protocols may explain the differing conclusions. Boushel et al.
(2002) used oral Indomethacin 16 h prior to exercise, rather than acute arterial infusion of a
COX inhibitor (KETOQ) used in the current study. Second, the present KETO dose was much
higher, per kilogram lean mass, and may account for some of the differences. Without direct
comparison of arm and leg in the same subjects, exercise intensity, and drugs, the role of
COX or COX-NOS interactions in regulating exercise dilation remains elusive. However,
these data provide the first mechanistic evidence that while NOS and COX actively regulate
exercise vasodilation (Figs. 3, 4, 5), they also indicate both men and women can achieve
steady-state exercise responses in the absence of NOS and COX signaling. An interesting
future study might test whether the mechanism(s) which allow for compensatory exercise
vasodilation (from resting DB condition) are sex-specific.

An unexpected finding from the current study is that a substantial sex difference in AFVC,g
remained after NOS, COX, or combined NOS-COX inhibition (Fig. 6). These results
contrast starkly from exercising rats, where sex differences in exercise vasodilation were
abolished with combined NOS-COX inhibition (Rogers and Sheriff 2004). A key difference
was the use of estrogen supplementation (after ovarectomy), such that, female rats displayed
supraphysiologic plasma estrogen concentrations ~fivefold greater than control animals
(Rogers and Sheriff 2004). In contrast, we studied women during menstruation, minimizing
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acute effects of estrogen, such that chronic, cyclic exposure to physiologic levels of sex
hormones likely account for the current sex differences in vascular conductance observed in
control exercise conditions. While we did not manipulate sex hormones in the present study,
our data provides the first direct evidence in humans that greater exercise vasodilator
responses in women are: (1) apparent when female sex steroids are least different than men,
and (2) not explained by NOS and COX signaling. Identifying the mechanisms driving this
sex difference represents an attractive future area of research, which may provide important
explanations for altered vasodilation responses in disease conditions, which exhibit a sex-
specific pathophysiology.

If not NOS or COX, what signals explain the greater exercise-mediated vasodilation in

women?

Endothelium-derived hyperpolarizing factor (EDHF), potassium channels, and functional
sympatholysis are all mechanisms that have been found to contribute to exercise hyperemia,
and could potentially be different between sexes. Sex differences in resting a and p-
adrenergic responses must be considered as possible explanations for the greater
vasodilation in women (Kneale et al. 2000; Hart et al. 2011). This seems an unlikely
explanation for observations in the current study as the exercise intensity selected does not
increase muscle sympathetic nervous activity (Limberg et al. 2014), and similar vascular
responses to arterial infusion of a.-adrenergic agonists using an identical forearm exercise
model have been observed (Limberg et al. 2010). Additionally, arterial epinephrine does not
appear to change with exercise and with propranolol (Wilkins et al. 2008; Casey et al. 2011).
Inhibition of EDHF or cytochrome P450 2C9 has been found to not affect blood flow during
exercise; however, these mechanisms have only been tested in small studies in young men
(Hillig et al. 2002; Mortensen et al. 2007), and only in knee-extensor exercise models.
Animal models indicate endothelium-dependent dilation is heavily reliant on EDHF in
females (Huang et al. 2001; Pak et al. 2002; Scotland et al. 2005; Villar et al. 2008),
providing rationale to pursue EDHF contributions as potential mechanisms for the sex
differences observed. In part via EDHF, potassium (K*) channels hold great influence over
vascular tone (Jackson 2005) but studies investigating responses to contraction do not
directly compare men to women (Crecelius et al. 2013, 2014). Thus, K* channel
involvement in regulating steady-state exercise vasodilation between the sexes is unclear in
humans. Interestingly, recent studies indicate female animals have an increased expression
of large conductance K* channels (BKc,) (Khan et al. 2010). As our data clearly identified
dynamic vascular control via NOS and COX mechanisms are similar between the sexes,
these findings set the stage for future studies directly testing sex differences in other
pathways like EDHF and/or K* channels.

Experimental considerations

There are several design strengths in the present study which offer novel insight into the
research question, including (1) relatively large sample size for invasive human physiology
experiments; (2) subjects were well matched for age and physical activity; (3) volumetric
blood flow measures which can be made relative to a direct measure of lean mass; and (4)
direct local inhibition of NOS and COX during active exercise to test active exercise
mechanisms.
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However, it is important to consider some potential limitations. First, arm and leg vascular
control may be different, such that these novel mechanistic findings may not apply to leg
vascular control. Second, it is possible that the doses of L-NMMA and KETO selected to
inhibit NOS and COX were not adequate to achieve complete inhibition of these
mechanisms. However, our dose of L-NMMA is common in the literature (Casey et al.
2010, 2011) and our dose of KETO was greater than those who have used similar
experimental design (Schrage et al. 2004; Crecelius et al. 2011) or similar to previous
studies using forearm exercise model (Markwald et al. 2011; Crecelius et al. 2011).
Furthermore, in order to test active vascular control mechanisms during steady-state
exercise, we only evaluated NOS and COX at one exercise intensity. This is an important
design of study, since starting exercise from an “inhibited state” will mask the physiologic
contribution of NOS, COX, or both (Figs. 3, 4) in dynamic vascular control during exercise.
Thus future work requires investigation of higher exercise intensities, which may yield other
striking sex differences or similarities. Finally, future studies should study women during
the luteal phase of menstrual cycle in addition to the follicular phase. It is possible that
larger sex differences in exercise vascular conductance could be observed during the luteal
phase that are NOS or COX mediated. However, progesterone can counter many vascular
effects of estrogen in humans (Miner et al. 2011).

Summary and conclusions

The present study strengthens experimental evidence for greater exercise vasodilation in
skeletal muscle of healthy young women relative to men. In contrast to animal studies, NOS
and COX signaling does not explain sexes differences in humans justifying the need for
future studies in humans aimed at uncovering novel mechanisms of sex-mediated vascular
control. In conclusion, our results show for the first time in humans, that vascular control via
NOS and COX are remarkably similar between the sexes.
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Fig. 1.
Schematic of experimental protocol. Trial #1, exercise at 15 % MVC without inhibition

(CON) to a single inhibition (Drug 1) of either L-NMMA or KETO. Trial #2, exercise at 15

%

MV C with single inhibition to double blockade (drug 2, DB). — indicates where

measurements are taken. CON n=23 W, 22 M, L-NMMA n=9W, 11 M, KETO n=14 W,
11M,DBn=23W, 22 M
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Fig. 2.
Change in forearm blood flow (FBF, a) and forearm vascular conductance (FVC, b) relative

to lean forearm mass from baseline during exercise at 15 % MVC. Data are mean + SE.
Women = 22, men = 23, asterisk women greater than men p < 0.05
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Fig. 3.

Change in relative forearm vascular conductance (FVC) from baseline during exercise at 15
% MVC with and without NOS inhibition (L-NMMA\). Data are mean + SE. Women = 9,
men = 11, hash effect of L-NMMA p < 0.001, no difference between sexes p = 0.25
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Change in relative forearm vascular conductance (FVC) from baseline during exercise at 15
% MVC with and without COX inhibition (KETO). Data are mean + SE. Women = 14, men
= 11, hash effect of KETO p = 0.04, no difference between sexes p =0.78
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Relative forearm vascular conductance (FVC) during exercise at 15 % MVC depicting the
transition from steady state without COX inhibition to COX inhibition (KETO) in men (a)
and women (b). Data presented in 10 s bins (dots) and 30 s averages (barswith error)
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Fig. 6.
Change in relative forearm vascular conductance (FVC) from baseline during exercise at 15

% MVC with and without double blockade (DB, L-NMMA + KETO). Data are mean * SE.
Women = 23, men = 22, no effect of double blockade p= 0.28, no difference between sexes
p= 0.85, no effect of drug order p= 0.68
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Table 1
Subject characteristics
Females(n =23) Males(n=22)
Age (years) 26+1 27+1
Height (cm) 1661 177 +2F
Weight (kg) 66+ 4 75+4
BMI (kg m™?) 22404 23+04
Waist (cm) 761 81+1"
Body fat (%) 34+1 21 +1"
Lean forearm mass (g) 596 * 15 956 + 33°
MVC (kg) 30+1 4449
15 % MVC (kg) 45201 6.5+0.3
Resting FBF (ml min™t) 35+2 6246
Resting FVC 41+3 74 +7
(ml min~t 100 mmHg™1)
MAP (mmHg) 83+2 83+3
Glucose (mg dL™1) 71+2 70£2
Total cholesterol (mg dL™?) 167 +7 145 + 5*
Triglyceride (mg dL™1) 74+6 77+8
Physical activity (kcal/week) 1190 + 166 1286 + 184

Data are mean + SE

*
p < 0.05 between women and men
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Table 2

Hemodynamic variables during exercise at 15 % MVC with and without NOS, (L-NMMA), COX (KETO), or
combined inhibition (double blockade, DB)

Group Basdliine Steady-stateexercise Exercise+ drug

FBF¢ (ml min™ 100 g71)

L-NMMA
w 6+1 22+2 212
M 6+1 18+2 16+2
Keto
w 6+1 23+1 25+2
M 7+1 21+1 242
DB
w 6+0 22+1 23+1
M 6+1 20+1 18+1
MAP (mmHg)
L-NMMA
W 87+3 88+3 95+4
M 89+1 92+2 97 +3
Keto
W 84+2 84+2 86 +2
M 79+2 84 +2 88+2
DB
W 85+2 86+2 92+2
M 84 +2 88 +2 92+2

FVCyg (ml min~t 100 mmHg 100 g%

L-NMMA

w 7+1 25+2 22+2
M 7+1 20+2 16+2
Keto

w 7+1 27+2 29+2
M 8+1 25+1 271+2
DB

w 7+1 26+1 26+2
M 8+1 23+1 20+1

Data are mean + SE
L-NMMA n=9W, 11 M, KETOn=14 W, 11 M, DB n=23 W, 22 M

Wwomen, M men
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