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Abstract

Introduction—Sedentarism, also termed physical inactivity, is an independent risk factor for

cardiovascular diseases. Mechanisms thought to be involved include insulin resistance,

dyslipidemia, hypertension, and increased inflammation. It is unknown whether changes in

vascular and endothelial function also contribute to this excess risk. We hypothesized that short-

term exposure to inactivity would lead to endothelial dysfunction, arterial stiffening and increased

vascular inflammation.

Methods—Five healthy subjects (4 males and 1 female) underwent 5 days of bed rest (BR) to

simulate inactivity. Measurements of vascular function [flow-mediated vasodilation (FMD) to

evaluate endothelial function; applanation tonometry to assess arterial resistance], inflammation

and metabolism were made before BR, daily during BR and after 2 recovery days. Subjects

maintained an isocaloric diet throughout.

Results—Bed rest led to significant decreases in brachial artery and femoral artery FMD

[Brachial: 11 ± 3% pre-BR vs. 9 ± 2% end-BR, P=0.04; Femoral: 4 ± 1% vs. 2 ± 1%, P=0.04].
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The central augmentation index increased with BR [−4 ± 9% vs. 5 ± 11%, P=0.03]. Diastolic

blood pressure (DBP) increased [58 ± 7 mmHg vs. 62 ± 7 mmHg, P=0.02], while neither systolic

blood pressure nor heart rate changed. 15-HETE, an arachidonic acid metabolite, increased but the

other inflammatory and metabolic biomarkers were unchanged.

Conclusions—Our findings show that acute exposure to sedentarism results in decreased

endothelial function, arterial stiffening, increased DBP, and an increase in 15-HETE. We

speculate that inactivity promotes a vascular “deconditioning” state characterized by impaired

endothelial function, leading to arterial stiffness and increased arterial tone. Although

physiologically significant, the underlying mechanisms and clinical relevance of these findings

need to be further explored.

INTRODUCTION

Sedentarism, also known as habitual physical inactivity, is proposed to be an important and

independent contributor to atherosclerosis and cardiovascular disease,1, 2 as well as to other

chronic conditions.3 Sedentary behavior, by most definitions, refers to activities that do not

increase energy expenditure substantially above the resting level, such as sleeping, sitting,

lying down, and watching television and other variants of screen-based entertainment.4 In

2007, less than half of US adults met the recommended physical activity standards.5 Since

prevalence of sedentary living continues to rise,6 understanding the physiologic effects of

physical inactivity and how it contributes to increased cardiovascular risk is crucial.

Bed rest (BR) has previously been employed as a model to study the effects of sedentarism.

Prior BR studies demonstrated that prolonged inactivity leads to reductions in conduit artery

diameter,7 decreased reactive hyperemia (RH),8 development of insulin resistance,9 type 2

diabetes,10 up-regulation of the renin-angiotensin axis11 and possibly, vascular

dysfunction.12 Brachial artery flow-mediated dilatation (FMD) and arterial stiffness

measured by arterial tonometry are used to assess vascular function and when they are

impaired, they have been independently associated with increased cardiovascular risk.13–16

The effects of a short exposure to sedentarism on vascular function are poorly understood.

Furthermore, an inflammatory response is implicated in the setting of vascular dysfunction

and injury. Recent studies have shown that levels of certain pro-resolution lipid mediators,

derived from fatty acid components of the red blood cell membrane, may suggest active

resolution of inflammation.17–19 We hypothesized that short-term exposure to sedentarism

in healthy subjects leads to endothelial dysfunction, an increase in arterial stiffness and an

increase in inflammation. To test this hypothesis, we used a bed rest (BR) model in young

healthy subjects.

METHODS

We selected a 5-day period for BR because our intent was to understand the effects of an

acute, short-term period of sedentarism on vascular function and inflammatory parameters.
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Subjects

Four healthy male subjects (age 22 ± 2) and one healthy female subject (age 23) were

recruited. Screening procedures included a history and physical examination, 12-lead

electrocardiogram, complete blood count with differential, chemistry profile, lipid profile,

toxicology screen, β-human chorionic gonadotropin (in the woman), and psychological

evaluation. Subjects were non-smokers and received no medication before the study. The

exclusion criteria included documented peripheral arterial disease, vasculitis, evidence of

active infection, other concurrent significant illness within 30 days of study initiation, a

history or evidence of hypertension, coronary artery disease, diabetes, renal insufficiency,

thyroid disease, hepatitis, anemia, current pregnancy, psychiatric disorder, obesity,

hyperlipidemia, and alcohol or drug abuse. Additional exclusion criteria included known

sleep disorders, shift work, and trans-meridian travel within the 6 months prior to starting

the study. The female subject stopped taking oral or injected contraceptive agents 6 months

prior to the beginning of the experiment and was not pregnant during conduction of the

studies.

Protocol

The protocol consisted of three phases: pre-bed rest (BR), BR, and the 2-day post-BR

recovery period (Figure 1). Measurements of vascular function and inflammation were made

at five time points: pre-BR, Days 1, 3, and 5 (end-BR, last day), and 2 days after completion

of BR (recovery). The remaining variables—including metabolic biomarkers, bone density,

and body composition—were measured at the pre-BR and end-BR time points. Pre-BR

included an equilibration period of 55 hours, during which subjects were admitted in a

fasting state to the Clinical Research Center (CRC) and started on an isocaloric diet

containing 200 mEq of sodium, 100 mEq of potassium, 1,000 mg of calcium, and 2,500 mL

of fluid. BR was begun after the equilibration period and lasted 5 days; during this period,

subjects wore prophylactic anti-embolism stockings. Sleep-wake cycles remained constant

throughout BR, with each subject attaining 8 hours of sleep each day between 11:30 pm and

7:30 am. Subjects were confined to bed for the entire BR period. They were allowed to lie

on their sides, in a supine position on their backs or in a prone position on their abdomens.

They voided and defecated in the supine position. They ate meals while lying on their sides,

propped up on one elbow. Smoking, alcohol, and caffeine were not permitted during the

experimental period. The end-BR phase began immediately after BR and lasted 2 days,

during which time subjects resumed ambulatory activities at the CRC, at the end of which

testing took place. Various physiologic measurements were assessed pre-BR, during, at the

completion of BR, and 2 days after the end of BR (recovery), including blood analysis, heart

rate, blood pressure, brachial artery flow-mediated vasodilation ultrasound (FMD) and

applanation tonometry. Dual-energy x-ray absorptiometry (DEXA) was completed during

the pre-BR and again as soon as BR was completed. The study protocol was approved in

advance by the Committee on Human Research (CHR) of the University of California, San

Francisco (UCSF). Each subject provided written informed consent before study

commencement.
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Demographic Data

Demographic data, including age, race, gender, waist-hip ratio, body mass index, prior

tobacco use and alcohol exposure, were recorded and are presented in Table 1.

Hemodynamics and Vascular Reactivity of Brachial and Femoral Arteries

Systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) were

recorded by an indirect sphygmomanometer daily. To evaluate vascular function, brachial

and superficial femoral artery (SFA) FMD was performed according to current guidelines

and standards.20, 21 The specific protocol used in our laboratory included the following:

subjects were asked to be fasting (≥ 8 hours) and free of nicotine (≥ 4 hours). A history of

recent medications was recorded. Prior to the measurements, subjects rested for ten minutes

in a supine position in a darkened room at 23°C. For brachial artery measurements, each

subject’s right arm was extended onto a movement-constraining pillow with the palmar

aspect oriented anteriorly. A 5-cm tourniquet blood pressure cuff was placed on the upper

arm proximal to the insertion of the deltoid. For SFA measurements, the blood pressure cuff

was placed on the upper right thigh distal to the region of the femoral triangle and the

ultrasound probe was placed approximately near the junction of sartorius and vastus

medialis. The length of the brachial and femoral arteries was surveyed by B-mode

ultrasound (Philips IU 22) using a broadband linear array transducer with a 3–12 MHz range

(Philips L12-3) until a straight segment with a visible registration structure could be located.

The probe was oriented so that visibility of each artery was at least 3-cm deep to the surface

of the skin, the focus aligned with the deep boundary of the vessel and clearly-demarcated

intima/lumen boundaries were visible.

Prior to cuff inflation, the baseline diameter of the blood vessel was recorded for 60 seconds

using EKG-gated image capture software (Brachial Imager, Medical Imaging Applications

LLC, Coralville, IA). Baseline blood-flow velocity was measured by Doppler and recorded

for 60 seconds using an insonation angle of 60°. The doppler sample gate was positioned to

cover the center, but not the edges, of the lumen. The probe was not moved between

measurements.

The blood pressure cuff was inflated to either 250 mm Hg or 50 mm Hg above the subject’s

SBP, whichever was greater, for a period of 5 minutes. Recording of the B-mode images

was begun 10 seconds prior to cuff release. Blood-flow velocity was assessed for a period of

30 seconds post-cuff release using the methods described above. B-mode images were

recorded for 3 minutes post-cuff release.

Analysis of the acquired images was performed using continuous edge-detection software

(Brachial Analyzer, Medical Imaging Applications LLC, Coralville, IA). Baseline diameter

was recorded as the mean of 60 seconds of data. From hyperemia recordings, the exact

moment of cuff release was noted. Hyperemia diameter was calculated using a pre-

determined time window (55–65 seconds post-cuff release). FMD% was calculated as ([60s

Hyperemia diameter-Average Baseline diameter]/Average Baseline diameter)*100.

Additional vascular reactivity measurements obtained from the software output included

blood flow rate at baseline and with reactive hyperemia and shear stress.
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Time-averaged velocity measurements and velocity-time integrals were obtained using the

peak-velocity method. At baseline, average velocity was obtained from the mean of 60

seconds of data. Velocity of the hyperemia stimulus phase was calculated as the mean

velocity of the first four heart beats after cuff-release. Both the mean velocity and velocity

time integral were recorded.

Quality control was assessed at each point during recording of measurements. Image quality

was evaluated by a second observer and graded on a 6-point scale, which included

registration of structure (landmark), horizontally-directed artery, correct longitudinal

alignment, a clearly visualized near-wall intimal medial thickness (IMT) and far-wall IMT

and at least 5-mm of a clearly-visualized artery.

Tonometry

Measurements of arterial stiffness were performed with an applanation tonometer

(SphygmoCor CP Tonometry System, Itasca, IL) and the provided analysis software. After

measuring the subject’s blood pressure and applying EKG leads, the applanation tonometer

probe was placed over the subject’s radial, carotid and femoral arteries for approximately 3

minutes at each site to capture pulse wave tracings of the artery of interest. The tracings

were used in the Fourier Transform algorithm to calculate several parameters, including the

augmentation index, ejection duration and pulse wave velocity between any two sites in the

vasculature.

Bone Mineral Density and Body Fat Composition

DEXA scans assessed pre- and end-BR total BMD, as well as regional BMD: spine, ribs,

pelvis, and legs. Bodily fat mass distribution was also obtained from DEXA scans [GE

Healthcare Lunar, Madison, WI].

Blood Analysis

Blood samples were collected in a fasting state at 9:00 am after the subject had remained

supine overnight on the last day of the pre-BR ambulatory baseline period, on days 1, 3 and

5 (end) of BR, and after 2 days of recovery.

Inflammatory Markers—Inflammation was measured through inflammatory biomarkers,

including high sensitivity C-reactive protein (hsCRP), interleukin-6 (IL-6), soluble

intracellular adhesion molecule-1 (sICAM-1), and tumor necrosis factor-α (TNF-α).22

Serum was isolated and frozen −80C° until assayed for IL-6, sICAM-1, TNF-α, per standard

kit protocol (EMD Millipore Process Solutions, Billerica, MA). The typical coefficients of

variation for IL-6, sICAM-1, and TNF-α are 7.4%, 4.6%, and 5.4%, respectively. The lower

limits of detection are 0.04pg/ml, 0.1ng/ml, and 0.11pg/ml, respectively. Serum at room

temperature was assayed for hsCRP on the same day as collection by UCSF Clinical Labs

per standard methodology. The coefficient of variation for hsCRP using this procedure is

5.1%

Metabolo-Lipidomics Analysis—Lipid mediators in plasma samples were measured by

LC-MS/MS as previously described.23 Briefly, plasma was diluted with 2 volumes of cold-
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methanol containing deuterium-labeled internal standards (i.e., d4PGE2 and d8-5-HETE).

After solid phase extraction (C18), lipid mediators were profiled by LC-MS/MS using

multiple reaction monitoring and established transitions to identify and quantitate lipid

mediators generated from arachidonic acid (i.e., 15-hydroxyeicosatetraenoic acid (15-

HETE), 12-HETE, 5-HETE, 20-HETE, LTB4, PGE2 and PGD2), eicosapentaenoic acid (12-

HEPE and 15-HEPE) and dihomogamma-linolenic acid (15-HETrE).24 Lipid mediators

were quantified based on external calibration curves for each mediator using authentic

standards and after determination of extraction recovery based on internal standards.

Metabolic Hormones and Insulin Resistance—Metabolic hormones and changes in

homeostatic model assessment of insulin resistance (HOMA-IR) were assessed to determine

whether their levels correlated with endothelial dysfunction, vascular damage or

inflammation. The established guidelines for metabolic syndrome25 were used to determine

if any of the subjects met criteria. Adiponectin, leptin, resistin, and serum glucose were

measured in mg/dL and plasma insulin in μU/ml. The typical coefficients of variation for

adiponectin, leptin, and resistin are 3.0%, 2.6%, and 4.5%, respectively. The lower limits of

detection are 0.195ng/ml, 0.2ng/ml, and 0.2ng/ml, respectively. Glucose and insulin assays

were completed the same day as collection by UCSF Clinical Labs per standard

methodology. HOMA-IR was calculated in the standard fashion by multiplying both values

and dividing by 405.26 Serum was isolated and frozen until assayed for metabolic hormones.

Lipid Measurements—Total levels of cholesterol, triglycerides, low-density lipoprotein

(LDL), and high-density lipoprotein (HDL) in serum were measured. Serum at room

temperature was assayed for these analytes on the same day as collection by UCSF Clinical

Labs per standard methodology. Prebeta-1 HDL27, 28 was assessed by an immune-fixation

assay method: after rapidly thawing the plasma samples at 37°C, they were run on an

automated electrophoresis machine (SPIFE 3000, Helena Laboratories, model # G1088001).

The proteins were separated in agarose medium, and goat anti-human apolipoprotein A-1

(apo A-1) antiserum was used to react specifically with apo A-1 containing particles.29 After

washing away all non-specific proteins in a NaCl (0.15M) - EDTA (1mM) - Triton X-100

(0.05% v/v) wash buffer, the apo A-1 immuno-precipitates were stained with Coomassie

R250 blue dye [(1.2mM) in ethanol, acetic acid, and water] and visualized by scanning

densitometry (Hardware: Epson Perfection V700 Photo Scanner; Software: QuickScan 2000

WIN Version 2 provided by Helena Labs, Beaumont, TX). A log-linear standard curve was

created using calibrators of delipidated-HDL containing apo A-1.

Statistical Analysis

Values are reported as mean ± SD unless otherwise specified. Paired t-tests were performed

to compare differences in patients’ vascular reactivity and functional measurements,

biomarkers of inflammation and metabolism, and bone density between baseline (pre-BR)

and completion (end-BR), as well as between baseline and after 2 recovery days. As the

paired t-test requires the data to be normally distributed, especially with small sample sizes,

transformations consistent with the distributions of certain variables in larger studies were

utilized. For example, the distributions of adiponectin and hsCRP are known to be right-

skewed and therefore, log transformations were taken to satisfy the normality assumption
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required in utilization of the paired t-test. A generalized estimated effect test was used to

compare repeated measures of daily FMD and 15-HETE among the 5 participants (Figures

2–3). Statistical significance was accepted at a p-value of ≤0.05. Statistical analyses were

performed using Stata/SE 12 (StataCorp, College Station, TX).

RESULTS

A total of five healthy patients (4 males, 1 female) participated in the BR protocol. Mean

age was 22 ± 2, weight was 76 ± 14kg, and BMI was 24 ± 3 kg/m2 (Table 1). Blood lipid

and electrolyte profiles were within normal limits (Table 1). At baseline, none of the

subjects met criteria for metabolic syndrome, according to established guidelines.25

The hemodynamic and non-invasive vascular function measurements from pre- to end-BR

are presented in Table 2 and Figure 2. BR led to a decrease in brachial artery FMD (pre-BR:

11 ± 3% vs. end-BR: 9 ± 2%, P=0.04). Decreasing trends were observed for brachial artery

diameter at rest (pre-BR: 3.6 ± 0.7 vs. end-BR: 3.8 ± 0.7 mm, P=0.09) and RH diameter

(pre-BR: 3.9 ± 0.7 vs. end-BR: 4.2 ± 0.7 mm, P=0.06). After 2 days of recovery, brachial

artery FMD appeared to improve from end-BR values but did not fully return to baseline

(recovery: 9 ± 2 % vs. pre-BR: 11 ± 3%, P=0.18).

BR also led to a decrease in femoral artery FMD (pre-BR: 4 ± 1% vs. end-BR: 2 ± 1%,

P=0.04). No changes were observed in femoral artery resting diameter, though there was a

trend for decrease in RH diameter (pre-BR: 6.3 ± 0.9 vs. end-BR: 5.5 ± 1.2 mm, P=0.06).

Femoral artery FMD slightly improved from end-BR values after 2 recovery days though

did not fully return to baseline (recovery: 2 ± 1% vs. 4 ± 1% pre-BR, P=0.04). No changes

were observed in arterial flow rate, shear stress, or velocity in either the brachial or femoral

arteries.

An increase in arterial stiffness was seen during the BR intervention, as indicated by an

increase in the central augmentation index (pre-BR: −4 ± 9% vs. end-BR: 5 ± 11%, P=0.03).

When adjusted for heart rate, the central augmentation index still showed an increase (pre-

BR: −15 ± 11% vs. end-BR: −6 ± 11%, P=0.05). The carotid-femoral pulse-wave velocity

did not change. Hemodynamics were affected in that DBP increased (pre-BR: 58 ± 7 vs.

end-BR: 62 ± 7 mmHg, P=0.02). However, neither SBP nor HR changed (Table 2).

BR did not yield detectable changes in inflammatory or metabolic biomarkers (Table 3).

Compared to the pre-BR average 0.5 ± 0.3 mg/dL, the mean end-BR hsCRP was 0.3 ± 0.1

mg/dL (P=0.06; Table 3). Levels of adiponectin, a marker inversely associated with

inflammation, appeared to be lower after BR (pre-BR: 55 ± 34 vs. end-BR: 46 ± 31 mg/dL,

P=0.16) and remained low after recovery (pre-BR: 55 ± 34 mg/dL vs. recovery: 46 ± 33,

P=0.24). The reduction in adiponectin levels was statistically significant when a log

transformation was taken to meet normality assumptions of the paired t-test. BR did not

significantly alter blood lipid or lipoprotein levels, degree of insulin sensitivity, bone

density, or regional fat distribution. Interestingly, when taking into account daily values of

15-HETE, a metabolite of arachidonic acid (AA), an increase was observed during the

course of the 5-day BR intervention (Figure 3). When comparing only the pre-BR and end-
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BR 15-HETE values, however, there was no significant difference. Levels of the other lipid

mediators were not significantly altered, although a general trend toward an increase in 20-

HETE, LTB4 and 15-HEPE were noted (Table 4).

DISCUSSION

In this study of five young and healthy individuals, we demonstrate that a 5-day BR

intervention leads to a significant decrease in endothelial function, increased arterial

stiffness, and increased DBP. These findings were accompanied by an increase in 15-HETE

but no changes in other inflammatory and metabolic biomarkers. In light of these results, we

propose that short-term inactivity promotes a vascular “deconditioning” state characterized

by a weakened endothelial cell response and diminished vasodilation, leading to arterial

stiffness and increased basal arterial tone.

Endothelial cells serve as an interface between blood and tissues and play an integral role in

the maintenance of homeostasis via the release of biologic agents affecting vascular tone and

function as well as responses to inflammatory, mechanical and hormonal stimuli.30,31 FMD

is a non-invasive, ultrasound-guided tool readily used as a reliable measure of nitric-oxide

(NO)–mediated vascular endothelial function; decreasing FMD is a surrogate for worsening

endothelial function.32, 33 Dysfunctional endothelium has been recognized as an initial step

in the development of atherosclerosis.16,30 In a recent meta-analysis, Inaba et al. found that a

1% decline in FMD was associated with an 8% increased risk of future cardiovascular

events, highlighting the utility of this tool for cardiovascular risk prediction.34 Our results

demonstrate that when young and healthy subjects were inactive for only 5 days, FMD

declined by an average 2% in both the brachial and femoral arteries. Furthermore, the lower

values persisted after 2 recovery days. These findings raise the important concern that if

endothelial function is markedly affected in young and healthy individuals, that of older

people who are prone to more comorbidities and sedentary living or hospitalized patients

who are immobilized may also be reduced, and perhaps to a greater extent. Mechanisms that

may explain how physical inactivity weakens endothelial function include promotion of

vascular NADPH oxidase expression and activity, and increased production of vascular

reactive oxygen species (ROS), which attenuate the effects of the potent vasodilator NO.1, 35

Increased production of asymmetric dimethylarginine species36 may also contribute to

reduced vasodilation. In addition, a decline in resting blood flow resulting from inactivity

and subsequent decrease in local shear stress may inhibit expression of endothelial NO-

synthase, thereby inhibiting vasodilation.12

In addition to reductions in FMD in the upper and lower extremities, the 5-day BR

intervention in our study led to declines in brachial artery resting diameter and RH diameter,

as well as femoral artery RH diameter, changes that were nearly statistically significant

(Table 2). Prior studies that assessed prolonged inactivity demonstrated that BR leads to

reductions in conduit artery diameter,7 decreased RH8 and possibly vascular dysfunction.12

Hamburg and colleagues, in their 5-day BR study of 19 healthy non-smoking subjects, found

that this duration of inactivity led to decreased brachial artery diameter and RH diameter as

well as increased SBP.12 Methods used to assess vascular function included endothelium-

dependent FMD of the brachial artery and endothelium-independent dilation with sublingual
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nitroglycerin (also brachial artery), as well as RH (a measure of flow velocity) in the

brachial artery and venous occlusion plethysmography in the lower extremities to evaluate

microvascular function. They found a significant reduction in RH in the upper and lower

extremities though no changes in FMD, suggesting a preferential impairment in

microvascular function. Their results also showed that insulin resistance developed, and total

cholesterol and triglycerides increased after 5 days. They did not report a change in

circulating inflammatory markers. Although a similar BR model and testing period were

employed, the study by Hamburg et al. differs from ours in that participants were allotted 30

minutes out of bed for each 24 hour period, they were not maintained on a similar diet,

femoral artery FMD and arterial stiffness measurements were not completed, and metabolo-

lipidomics measurements were not performed.

In our study, changes in serum levels of inflammatory biomarkers were negligible relative to

those of vascular measurements. In contrast to our study, inflammation—and hsCRP in

particular—has been correlated with impaired endothelial function in vivo and in vitro,37, 38

and hsCRP levels have been inversely correlated with acetylcholine-induced, endothelium-

dependent forearm blood flow.39 Furthermore, the role of increased inflammatory markers

as a result of physical inactivity and its relation to cardiovascular risk have been described

previously.3 Despite these associations, in their 5-day BR study similar to ours, Hamburg

and colleagues did not observe changes in inflammation.12 The fact that inflammatory

biomarkers were not altered in their study or ours may reflect the relatively small sample

sizes or that changes in inflammatory markers in response to inactivity develop over a

longer time period.

One notable exception is the significant increase in 15-HETE, a 15-lipoxygenase (15-LOX)

metabolite, over the duration of the study period (Figure 3). Production of 15-HETE has

been shown to inhibit neutrophil migration across cytokine-activated endothelium in vitro,40

as well as prevent superoxide production neutrophil degranulation,41 and is therefore

thought to be anti-inflammatory. 15-HETE has also been observed to affect vascular

reactivity, though it remains unclear whether it promotes vasoconstriction or vasodilation.

One view holds that 15-HETE may have a direct vasoconstrictive effect, as evidenced by its

role in pulmonary vasculature,42, 43 promote leukocyte activation and inhibit prostacyclin

production.44 The steady and sustained increase of 15-HETE in our study may help explain

the concurrent increase in DBP and decreases in FMD. An alternate explanation is that after

enzymatic degradation by 15-LOX, 15-HETE can be further metabolized to anti-

inflammatory lipoxins,19 and these metabolites promote vasodilation and regulate

endothelial-derived nitric oxide production.45, 46 The rise in 15-HETE that we observed may

then be an early compensatory response to vasoconstriction.

In regards to metabolic changes, we have previously demonstrated that BR leads to

important alterations in the renal, cardio-endocrine and cardiovascular systems,47–50 and

others have shown that prolonged BR leads to development of insulin resistance,9, 12 a

precursor state to metabolic syndrome12 and type 2 diabetes.10 A number of circulating

hormones, cytokines, and metabolic fuels that originate from the adipocyte modulate insulin

action,51 thereby augmenting basal metabolic expenditure. Specifically, the non-esterifed

fatty acids, leptin, adiponectin, and resistin, as well as TNF-alpha and IL-6, released by
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visceral adipose tissues affect the insulin cascade.51–53 These adipokines play crucial roles

in the homeostasis of body weight by modulating food intake and energy expenditure.54 In

the current study, we observed statistically significant decreases in levels of adiponectin,

which were not accompanied by changes in other metabolic markers. Adiponectin in

particular is an anti-atherogenic adipocyte-derived protein.55 Decreased serum levels have

been associated with development of inflammatory states over time and increased

cardiovascular risk.56 This association requires further exploration given that in our study,

the time course was relatively short and the other metabolic biomarkers had fluctuating

trends.

We did not find that 5 days on BR led to changes in bone density or fat distribution, though

previous studies have found that prolonged BR leads to loss of bone density.57, 58

Dyslipidemia and associated fatty plaque deposition in the arterial wall are additional factors

implicated in the progression of cardiovascular disease and may develop as a result of

sedentary behavior. Interestingly, Laufs et al showed that after 6 weeks, sedentary mice

experienced accelerated atherosclerotic lesion formation as compared to physically active

counterparts.1 These findings suggest that a state of dyslipidemia may develop secondary to

inactivity. In their 5-day BR intervention, Hamburg et al found that total cholesterol and

triglycerides increased.12 In our cohort, there were no changes in lipid levels after BR. We

also measured a relatively novel biomarker, prebeta-1 HDL, that reflects cholesterol efflux

from the artery wall and has recently been shown to be a sensitive predictor of risk for

atherosclerosis.27, 28 To our knowledge, its association with physical inactivity has not been

examined previously. Levels of this metabolite did not change notably during our 5-day BR

period.

Sedentarism, also termed physical inactivity, is identified as the leading cause of excessive

and preventable cardiovascular risk.55 As per the 2010 US Physical Activity Statistics of the

Centers for Disease Control and Prevention, less than half of US adults met recommended

physical activity standards in 2007, and nearly one-quarter of the US population had no

leisure time physical activity in 2008, with rates of sedentarism exceeding 30% for those

over the age of 65.59 Overall, there is evidence that the health care costs of sedentary

individuals are close to one-third higher than those of individuals who are physically active,

representing at least 100 billion US dollars in excess healthcare costs.60 Although some

effects of sedentarism relate to the development of obesity, it appears that some of the

detrimental changes occur independently of changes in body fat.61

Exercise, in contrast to physical inactivity, has been shown to exert cardio-protective

effects.62, 63 Thijssen and colleagues observed that approximately 60% of risk reduction is

related physical activity attenuating the effects of traditional cardiovascular risk factors,

including dyslipidemia, hypertension, obesity, and diabetes.64 They reasoned that the

remaining 40% of risk reduction is due to direct “conditioning” effects on the vascular

endothelium.

Physical inactivity may too have direct physiologic effects on vascular remodeling and

function—the opposite of exercise. It may compromise endothelial function and lead to

impaired hemodynamics,65 increase propensity to inflammation,3 accelerate atherosclerotic

Nosova et al. Page 10

J Surg Res. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



plaque formation,1 and cause changes in skeletal muscle characteristics.66 Our findings

suggest that inactivity leads to quantifiable impairment in vascular function and arterial wall

stiffening (or increased vascular resistance), and we speculate that these are a result of

endothelial dysfunction. Arterial stiffness, like FMD, has been shown to be an independent

predictor for increased cardiovascular risk.14, 67, 68 A dynamic relationship between these

two physiologic parameters has been suggested,14, 69–72 and an association could explain

how both endothelial cell dysfunction and arterial stiffness are related to worse

cardiovascular outcomes. It should be emphasized that our evaluation of arterial resistance is

based on non-invasive measurements made with an applanation tonometry device;

consequently, the overall arterial stiffening that we observed during the 5 days of BR is

likely functional and reversible. This is in contrast to true arterial stiffness that results from

years of deleterious insults to the vasculature, caused by chronic inflammatory conditions

such as atherosclerosis and vasculitis. In addition, we speculate that the arterial stiffness

elicited in this study may have been caused by an increase in basal arterial tone – evidenced

by the increase in DBP — that typically occurs with muscular inactivity.

The decreases in endothelial function that we observed, coupled with increases in arterial

resistance at baseline and adjusted for heart rate, as well as DBP, imply a relation. The

precise mechanism by which short-term exposure to physical inactivity alters healthy

vascular reactivity, tone and structure requires more detailed study, as does the clinical

relevance of these physiologic findings.

LIMITATIONS

Our study has several limitations. First, our sample size was small, which could have altered

our ability to detect changes in inflammatory markers or metabolic measures. However,

clear changes were seen in vascular function. Second, definitive or causal conclusions

cannot be made given the observational nature of the study. Third, our findings apply only to

young and healthy individuals and cannot be extrapolated to older individuals or patients.

Fourth, we did not evaluate nitroglycerine-mediated vasodilation (endothelium-

independent), which could have determined if subjects’ arterial vessels were capable of

dilating to their baseline diameter. Another limitation is that the cohort was predominantly

male, and gender may have played a role in the physiological results observed. Lastly,

physical inactivity likely exerts a large spectrum of physiologic effects; we limited our study

to observing alterations in vascular physiology, inflammation, and metabolic changes.

CONCLUSIONS

In a cohort of five healthy patients, 5 days of BR was associated with endothelial

dysfunction, arterial wall stiffening, and a narrowing of conduit artery diameter, implying a

state of impaired vascular function. This study builds on previous ones by demonstrating

that a short-term exposure to sedentarism disturbs healthy vascular reactivity patterns and

affects basal arterial tone. These findings may be especially relevant to hospitalized and

post-operative patients as their physical activity is limited and their vascular healing may be

compromised as a result. Further investigation into how sedentary behavior affects
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endothelial function, metabolic regulation and inflammatory patterns will facilitate a better

understanding of their effects on the development of vascular disease.
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Fig 1. 5-day Bed Rest Protocol
FMD = measure of endothelium-dependent flow-mediated dilatation.

HOMA-IR= homeostatic model assessment of insulin resistance.

DEXA= Dual-energy x-ray absorptiometry.
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Fig 2.
Fig 2a,b. Temporal Pattern for Brachial and Femoral Artery Flow-Mediated Dilatation

(FMD) during the 5-day Bed Rest Intervention, N=5

FMD = measure of endothelium-dependent flow-mediated dilatation. Each bar represents

daily average FMD% for 5 subjects, with SD.

P-value calculated from a generalized estimated effect test for repeated measures comparing

daily FMD from Pre-BR though the Recovery period is 0.03 for the brachial artery and 0.31

for the femoral artery.
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Fig 3. Temporal Pattern for 15-HETE during the 5-day Bed Rest Intervention, N=4
15-HETE = an arachidonic acid metabolite, a product of enzymatic degradation by 15-

lipoxygenase (15-LOX).

P-value calculated from a generalized estimated effect test for repeated measures comparing

change in 15-HETE from Pre-BR though the Recovery period is <0.0001.
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Table 1

Baseline characteristics of the study population.

N=5 Mean ± SD or n (%)

Age (years) 22 ± 2

Gender (male) 4 (80)

Race (% subjects)

 Caucasian 2 (40)

 Hispanic 1 (20)

 Mixed ethnicity (Hispanic/Asian) 2 (40)

Current tobacco use (% subjects) 0 (0)

Occasional alcohol intake (% subjects) 5 (100)

General Laboratory Values

Cholesterol, total (mg/dL) 161 ± 12

HDL-C (mg/dL) 59 ± 14

LDL-C (mg/dL) 81 ± 11

Triglycerides (mg/dL) 110 ± 50

Prebeta-1 HDL (mg/dL) 6 ± 2

Glucose (mg/dL) 87 ±5

Insulin (mg/dL) 6 ± 2

Serum creatinine (mg/dL) 1 ± 0.1

Anthropometric Measures

Height (cm) 178 ± 9

Weight (kg) 76 ± 14

BMI (kg/m2) 24 ± 3

Waist to Hip ratio 1 ± 0.1
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Table 2

Non-invasive vascular reactivity and hemodynamic measurements, pre- to completion of (end) bed rest

analysis, N=5

Pre- BR End- BR p-value*

Brachial artery FMD

Baseline diameter, mm 4 ± 1 4 ± 1 0.09

Baseline velocity, m/s 0.2 ± 0.1 0.2 ± 0.1 0.56

Baseline flow, mL/s 112 ± 47 130 ± 95 0.74

Baseline shear stress 13 ± 6 16 ± 6 0.41

Reactive hyperemia diameter, mm 4 ± 1 4 ± 1 0.06

Reactive hyperemia velocity, m/s 1 ± 0.4 1 ± 0.2 0.67

Reactive hyperemia flow, mL/s 1,058 ± 401 874 ± 288 0.22

Reactive hyperemia shear stress 86 ± 30 89 ± 29 0.72

Flow-mediated vasodilation, FMD (%) 11 ± 3 9 ± 2 0.04

Femoral artery FMD

Baseline diameter, mm 6 ± 1 5 ± 1 0.15

Baseline velocity, m/s 0.2 ± 0.1 0.2 ± 0.1 0.77

Baseline flow, mL/s 244 ± 76 241 ± 131 0.96

Baseline shear stress 8 ± 4 8 ± 2 0.58

Reactive hyperemia diameter, mm 6 ± 0.1 6 ± 1 0.06

Reactive hyperemia velocity, m/s 0.4 ± 0.2 1 ± 0.1 0.40

Reactive hyperemia flow, mL/s 709 ± 352 648 ± 96 0.79

Reactive hyperemia shear stress 17 ± 8 26 ± 12 0.19

Flow-mediated vasodilation, FMD (%) 4 ± 1 2 ± 1 0.04

Applanation Tonometry

Central Augmentation Index (Aix), % −4 ± 9 5 ± 11 0.03

Central Aix, 75BPM**, % −15 ± 11 −6 ± 11 0.05

Carotid-Femoral 5 ± 1 5 ± 1 0.09

Pulse-Wave Velocity, m/s

Hemodynamics

Heart rate, bpm 53 ± 11 52 ± 7 0.97

SBP, mm Hg 113 ± 14 110 ± 19 0.52

DBP, mm Hg 58 ± 7 62 ± 7 0.02

*
p-value calculated from paired t-test.

**
Central Augmentation Index is adjusted for heart rate, at 75 beats per minute.
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Table 3

Inflammatory and metabolic biomarkers, pre- to completion of (end) bed rest analysis, N=5

Inflammatory Biomarker Pre- BR End- BR p-value*

hsCRP 0.5 ± 0.3 0.3 ± 0.1 0.18

IL-6 0.4 ± 0.2 0.4 ± 0.3 0.62

sICAM 7 ± 2 6 ± 2 0.58

TNF-α 2 ± 1 2 ± 1 0.28

Metabolic Biomarker

Adiponectin 55 ± 3 46 ± 31 0.16

logAdiponectin 1.6 ± 0.5 1.5 ± 0.5 0.05

Resistin 7 ± 2 8 ± 3 0.18

logResistin 1 ± 0.2 1 ± 0.2 0.23

Leptin 2 ± 2 1 ± 1 0.25

logLeptin −0.02 ± 1 −0.1 ± 1 0.59

HOMA-IR 1 ± 1 1 ± 0 0.96

*
p-value calculated from paired t-test.
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Table 4

Plasma LC-MS/MS metabo-lipidomics, pre- to completion of (end) bed rest analysis, N=4

Metabolite (pg/ml) Pre- BR End- BR p-value*

12-HETE 80 ± 20 68 ± 61 0.78

15-HETE 25 ± 50 115 ± 96 0.29

19-HETE 114 ± 139 89 ± 177 0.66

20-HETE 49 ± 59 127 ± 120 0.11

LTB4 188 ± 188 240 ± 70 0.71

PGE2 93 ± 30 98 ± 31 0.84

PGD2 90 ± 42 91 ± 52 0.98

12-HEPE 5 ± 9 17 ± 28 0.49

15-HEPE 9 ± 18 166 ± 312 0.40

15-HETrE 97 ± 81 46 ± 36 0.40

*
p-value calculated from paired t-test.
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Table 5

Body composition biomarkers, pre- to completion of (end) bed rest analysis, N=5

DEXA measurements Pre- BR End- BR p-value

BMD, total 1 ± 0.1 1 ± 0.1 1.0

BMD, spine 1 ± 0.2 1 ± 0.2 0.48

BMD, ribs 1 ± 0.1 1 ± 0.1 0.64

BMD, pelvis 1 ± 0.3 1 ± 0.2 0.19

BMD, legs 2 ± 0.3 2 ± 0.2 0.65

Android (%fat distribution) 22 ± 6 22 ± 7 0.85

Gynoid (%fat distribution) 25 ± 8 26 ± 9 0.73

Android/Gynoid ratio 1 ± 0.2 1 ± 0.2 0.76
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