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Abstract

Introduction—Perioperative alterations in perfusion lead to ischemia and reperfusion injury, 

and supplemental oxygen is administered during surgery to limit hypoxic injury but can lead 

to hyperoxia. We hypothesized that hyperoxia impairs endothelium-dependent and -independent 

vasodilation but not the vasodilatory response to heme-independent soluble guanylyl cyclase 

activation.

Methods—We measured the effect of oxygen on vascular reactivity in mouse aortas. Mice 

were ventilated with 21% (normoxia), 60% (moderate hyperoxia), or 100% (severe hyperoxia) 

oxygen during 30 minutes of renal ischemia and 30 minutes of reperfusion. Following 

sacrifice, the thoracic aorta was isolated, and segments mounted on a wire myograph. We 
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measured endothelium-dependent and -independent vasodilation with escalating concentrations of 

acetylcholine (ACh) and sodium nitroprusside (SNP), respectively, and we measured the response 

to heme-independent soluble guanylyl cyclase activation with cinaciguat. Vasodilator responses 

to each agonist were quantified as the maximal theoretical response (Emax) and the effective 

concentration to elicit 50% relaxation (EC50) using a sigmoid model and nonlinear mixed effects 

regression. Aortic superoxide was measured with dihydroethidium probe and HPLC quantification 

of the specific superoxide product 2-hydroxyethidium.

Results—Hyperoxia impaired endothelium-dependent (ACh) and -independent (SNP) 

vasodilation compared to normoxia and had no effect on cinaciguat-induced vasodilation. The 

median ACh Emax was 76.4% (95% CI: 69.6 to 83.3) in the normoxia group, 53.5% (46.7 to 

60.3) in the moderate hyperoxia group, and 53.1% (46.3 to 60.0) in the severe hyperoxia group 

(p<0.001, effect across groups), while the ACh EC50 was not different among groups. The SNP 

Emax was 133.1% (122.9–143.3) in normoxia, 128.3% (118.1–138.6) in moderate hyperoxia, and 

114.8% (104.6–125.0) in severe hyperoxia (p<0.001, effect across groups), and the SNP EC50 was 

0.38 log M greater in moderate hyperoxia than in normoxia (95% CI: 0.18 to 0.58, p<0.001). 

Cinaciguat Emax and EC50 were not different among oxygen treatment groups (median range Emax 

78.0% to 79.4% and EC50 −18.0 to −18.2 log M across oxygen groups). Aorta 2-hydroxyethidium 

was 1419 pmol/mg protein (25th-75th percentile: 1178–1513) in normoxia, 1993 (1831–2473) in 

moderate hyperoxia, and 2078 (1936–2922) in severe hyperoxia (p=0.008, effect across groups).

Conclusions—Hyperoxia, compared to normoxia, impaired endothelium-dependent and 

-independent vasodilation but not the response to heme-independent soluble guanylyl cyclase 

activation, and hyperoxia increased vascular superoxide production. Results from this study could 

have important implications for patients receiving high concentrations of oxygen and at risk for 

ischemia reperfusion-mediated organ injury.
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Introduction

Postoperative organ dysfunction is common in the two million patients who undergo 

cardiac and vascular surgery each year. Following cardiac surgery, 10% of patients may 

suffer stroke and 25% kidney injury.1,2 These events increase the odds of mortality 5-

fold and directly contribute to chronic kidney disease and neurologic impairment. These 

injuries are impacted by organ perfusion and tissue oxygenation. Changes in blood 

pressure, cardiac output, circulating blood volume, and tissue manipulation alter perfusion 

during surgical procedures and lead to tissue hypoxia, anaerobic respiration, reperfusion, 

oxidative damage, inflammation, and cell death.3 In an effort to avoid tissue hypoxia, 

supplemental oxygen is frequently administered during surgery.4 Hyperoxia, however, may 

also precipitate organ injury by increasing production of reactive oxygen species (ROS), 

intensifying inflammation, and decreasing hyperoxia-inducible factor (HIF) mediated gene 

transcription.5,6
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Hyperoxia also induces vasoconstriction, increases vascular resistance, and decreases blood 

flow.3,7,8 These alterations in perfusion may further impact tissue ischemia and reperfusion 

injury. In healthy blood vessels, the nitric oxide (NO) pathway has a major role in mediating 

vascular tone. Shear stress and other factors induce endothelial nitric oxide synthase 

(eNOS) to produce NO.9,10 NO diffuses into the adjacent smooth muscle cell and binds 

soluble guanylyl cyclase at the beta-1 subunit heme-moiety.11 Soluble guanylyl cyclase 

then catalyzes the conversion of guanosine triphosphate to cyclic guanosine monophosphate 

(GMP). Cyclic GMP induces vasodilation by stimulating protein kinases to activate myosin 

phosphatase, calcium-gated potassium channels, and sarcoplasmic calcium ATPases which 

reduce cytosolic calcium.12,13 Excess ROS can impact this pathway in several ways. ROS 

can uncouple eNOS, leading to the generation of superoxide rather than NO.14 ROS 

directly react with and eliminate NO, thus reducing NO bioavailability, and ROS may 

impair soluble guanylyl cyclase activation by oxidizing the soluble guanylyl cyclase NO-

binding heme-moiety.15,16 Because of these potentially deleterious effects of oxygen on NO-

signaling, a deeper understanding of the impact of excess oxygen on vascular function and 

subsequently tissue perfusion and organ injury is needed. We hypothesized that hyperoxia 

impairs endothelium-dependent and -independent vasodilation but not the response to a 

heme-independent soluble guanylyl cyclase activator.

Methods

Surgical model and oxygen treatment

We measured the effect of increasing concentrations of oxygen on vascular reactivity in 

aortas from mice exposed to anesthesia, mechanical ventilation, surgery, and renal ischemia 

and reperfusion. We chose a model of ischemia reperfusion injury because it simulates 

surgical stress in patients. Results from this preclinical model may ultimately be tested in 

patients.

All procedures involving animals were approved by the Vanderbilt Institutional Animal 

Care and Use Committee and adhere to guidelines set in the National Institutes of Health 

Guide for the Care and use of Laboratory Animals. Male FVB/NJ mice were obtained 

from Jackson Laboratories (Bar Harbor, Maine) and acclimated to their environment prior 

to undergoing surgery at 8 weeks of age. Mice were housed in institutional department of 

animal care facilities, provided standard chow and water ad libitum and were maintained 

on a 12-hour light/dark cycle. Mice were anesthetized with an intraperitoneal injection of 

100 mg/kg ketamine and 10 mg/kg xylazine, and the back and flanks of the animals were 

shaved. We performed fiberoptic endotracheal intubation of each mouse with a 20 ga IV 

catheter and connected the catheter to a small animal ventilator (SAR-1000 Ventilator, CWE 

Inc., Ardmore, PA). Mice were randomly assigned to oxygen treatment and mechanically 

ventilated with 21% (normoxia), 60% (moderate hyperoxia), or 100% (severe hyperoxia) 

inspired oxygen at a rate of 110 breaths per minute and a tidal volume of 10 mL/kg.

To perform surgery and renal ischemia and reperfusion, animals were secured on a heated 

pad and prepped with betadine and chlorhexidine. Following a midline dorsal incision, the 

right kidney was exposed, ligated with 3–0 suture, and excised. The left kidney was then 

similarly exposed. The renal hilum was dissected, and the renal artery and vein clamped 
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with a 200–240 g pressure Schwartz clamp (RS-5459, Roboz Surgical Instrument Co., 

Gaithersburg, MD) for 30 minutes. After 30 minutes of renal ischemia, the clamp was 

removed. Thirty minutes after reperfusion, the chest was opened with a ventral midline 

incision, the left ventricle was punctured, and arterial blood collected for blood gas 

measurement and terminal exsanguination. The right atrium was then incised, and the left 

ventricle was perfused with 10cc of cold physiologic saline solution (PSS) to clear blood 

from the vasculature. The descending thoracic aorta was dissected and excised from the level 

of the left subclavian artery to the diaphragmatic hiatus and placed in cold PSS.

Myography

The aorta from each mouse was divided axially into four 2 mm segments to provide four 

experimental replicates. Each segment was placed on wire myograph pins (620M, Danish 

Myo Technology A/S, Hinnerup, Denmark) in a separate well with 5 mL cold PSS and 

warmed to 37°C over 15 minutes while being bubbled with 21%, 60%, or 95% oxygen, 

continuing the in vivo oxygen treatment ex vivo. Five percent carbon dioxide was used as 

buffer in all wells. The samples were subjected to two additional washes with warm PSS 

and normalized to a resting tension of 36 mN. Aortic segments then underwent a wake-up 

protocol by incubating in 5mL of high-potassium PSS (KPSS) for 15 minutes, washing with 

PSS three times over 10 minutes, and incubating again in 5 mL of KPSS for 15 minutes. 

After an additional three washes with PSS over 10 minutes to complete the normalization 

and wake up protocols, drug treatments were initiated.

Vascular reactivity

Endothelium-dependent vasorelaxation was measured in response to ACh following 20-

minute incubation with 5 μL 10−3 M norepinephrine (Sigma-Aldrich, St. Louis, MO, 

USA).17 ACh (Sigma-Aldrich) was added every one minute in steadily increasing doses 

from 10−11 M to 3×10−5 M well concentration. The vessels were then washed three times 

with PSS over 10 minutes, and the resting tension was readjusted to 36 mN. Vessels were 

again incubated with 10-3 M norepinephrine for 20 minutes, and endothelium-independent 

vasorelaxation was measured in response to escalating doses of SNP (Sigma-Aldrich) from 

10−11 M to 3×10−5 M. The vessels were then washed three times with PSS over 10 minutes, 

and the resting tension was readjusted again to 36 mN. After 20 minutes of incubation 

with norepinephrine, we measured the response to the heme-independent soluble guanylyl 

cyclase activator cinaciguat (Sigma-Aldrich), using a dose range from 10−20 M to 10−9 M.16

Tension measurement

Vascular tension was recorded throughout the experiment using Labchart 8 (ADInstruments, 

Colorado Springs, CO). Resting tension was defined as the median tension exerted by a 

vessel immediately prior to the addition of norepinephrine. Active tension was defined as 

the difference between the force 20 minutes after norepinephrine-induced vasoconstriction 

and the resting tension. The response to vasodilators was measured as the percent relaxation 

from the active tension.
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Superoxide staining and quantification

Dihydroethidium (DHE) was used to characterize and quantify oxidation products in aortic 

tissue. DHE reacts with superoxide to generate 2-hydroxyethidium and quantification of 

2-hydroxyethidium reflects superoxide production.18,19 Following oxygen treatment and 

renal ischemia reperfusion surgery as described above, the distal thoracic aorta was isolated 

and excised as above and placed in cold PBS. Aorta was cleaned of perivascular fat.

For histological staining of oxidation products, one 4 mm segment was placed in OCT 

embedding compound, frozen in liquid nitrogen, and stored at −80°C until sectioning. 8 

μm sections were mounted on a slide, OCT compound was dissolved and removed, and 

slides were incubated with 5μM DHE in PBS for 30 minutes. Sections from each treatment 

group were placed on the same slide to ensure homogenous staining across oxygen treatment 

groups. Positive control slides were treated with 10μM antimycin-A and stained with 5μM 

DHE. Negative control slides were stained with PBS alone. Slides were light-shielded 

throughout staining and imaging. Images were collected within 60 minutes using a Zeiss 

LSM 880 Confocal Laser Scanning Microscope. Laser power, exposure, sensitivity, and 

resolution were optimized and kept constant across all sections and control slides. DHE 

fluorescence was imaged using the Alexa 555 channel, and elastin autofluorescence was 

imaged with the Alexa 488 channel.20

For high-performance liquid chromatography (HPLC) quantification of 2-

hydroxyethidium,19 four 2mm aortic rings were excised and placed in cold Krebs-Hepes 

buffer (KHB). Samples were incubated in 50μM DHE in KHB and incubated at 37°C 

for 30 minutes. After 30 minutes, samples were centrifuged, KHB removed, tissue placed 

in methanol, and stored at −80°C. Aortic rings were homogenized with a glass pestle, 

and the tissue homogenate was passed through a 0.22 μm syringe filter, and analyzed 

by HPLC according to previously published protocols.21 In brief, a C-18 reverse-phase 

column (nucleosil 250–4.5 mm) and a mobile phase containing 0.1% trifluoroacetic acid 

and an acetonitrile gradient (from 37% to 47%) at a flow rate of 0.5 mL/min were used. 

2-hydroxyethidium was quantified by fluorescence detection using an emission wavelength 

of 580 nm and an excitation of 480 nm.22 Superoxide levels are reported as pmol 2-

hydroxyethidium per mg protein.

Statistical analysis

Measurements were summarized using median (25th percentile-75th percentile) or estimate 

(95% confidence interval [CI]). The Jonckheere trend test was used to test for treatment 

effects among ordinal oxygen exposure groups and unpaired quantitative outcomes including 

arterial blood gas data, norepinephrine contraction response, and 2-hydroxyethidium. The 

Wilcoxon rank-sum test was used for non-parametric comparisons between individual 

oxygen treatment groups.

The relationship between vasodilator concentration and vessel percent relaxation 

was modeled using a sigmoid Emax model: E(concentration) = Emax ⋅ (1 + e 
-rate⋅(concentration - EC50))−1, where E(concentration) represents the vessel percent relaxation. 

Emax represents the maximum relaxation percentage, EC50 represents the concentration at 
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which the relaxation percentage is one half of the maximum relaxation percentage, and rate 

represents the steepness of the sigmoid curve.

The effect of oxygen exposure on the dose-relaxation relationship was quantified by 

estimating its effects on each of the three sigmoid Emax model parameters using nonlinear 

mixed effects regression. Inter-vessel heterogeneity in the Emax and EC50 parameters were 

modeled using mutually independent random intercepts. Preliminary analyses indicated 

that allowing for inter-vessel heterogeneity in the rate parameter caused the model to be 

inestimable or weakly estimable. Thus, the rate parameter was not allowed to vary randomly 

by vessel. Maximum likelihood methods were used to estimate and summarize uncertainty 

in the model parameters. A Wald chi-square test was used to test the null hypothesis that 

oxygen exposure has no effect on any of the three model parameters. For each model 

parameter and pair of oxygen exposure levels, the difference between the corresponding 

model parameter was estimated using a 95% CI and a Wald chi-square test was used to test 

the null hypothesis that the difference is equal to zero.23 All analyses were implemented in 

R.24 Nonlinear mixed effects regression was implemented using the nlme add-on package.25

Results

Mice and oxygen treatment

Four aortic rings were collected for myography from each mouse exposed to anesthesia, 

mechanical ventilation, surgery and renal ischemia and reperfusion. Endothelium-dependent 

and -independent relaxation experiments were performed using five mice (20 rings) for 

each oxygen treatment, and soluble guanylyl cyclase activator experiments were performed 

using 3 mice (12 rings) for each oxygen treatment. Additional mice were used for DHE 

staining and superoxide quantification. The median weight of mice was 25.28 grams (25th 

percentile-75th percentile: 24.37–26.93). Median PaO2 was 104 mmHg (93.75–112.0, n=8) 

in mice treated with 21% inspired oxygen, 218 mmHg (211.0–222.0, n=5) in mice treated 

with 60% inspired oxygen, and 324 mmHg (269.8–400.8, n=4) in mice treated with 100% 

inspired oxygen (p<0.001; Table 1). Hemoglobin oxygen saturation was also increased in 

mice treated with hyperoxia, and arterial pH was marginally lower in mice treated with 21% 

and 60% oxygen compared to mice treated with 100% oxygen. PaCO2 and arterial lactate 

were not different between oxygen treatment groups.

Impact of oxygen on vasoconstriction

The median vasoconstriction response to norepinephrine (i.e., the active tension) was 

increased with increased oxygen tension. Active tension was 8.28 mN (25th percentile – 

75th percentile: 6.80 – 9.28) in the normoxia group, 8.57 mN (6.78 – 11.89) in the moderate 

hyperoxia group, and 9.82 mN (8.67 – 11.57) in the severe hyperoxia group (n=20 aortic 

rings in each oxygen group, p=0.03, effect across groups, Figure 1). When comparing 

individual treatments, vasoconstriction in severe hyperoxia was greater than in normoxia 

(p=0.009), but vasoconstriction in moderate hyperoxia was not significantly different than 

normoxia (p=0.36) or severe hyperoxia (p=0.39).
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Impact of oxygen on vascular relaxation

Hyperoxia impaired endothelium-dependent vasodilation in response to ACh (Table 2, 

Figure 2). The median ACh Emax in the normoxia group (76.4% [95% CI: 69.6 to 83.3]) 

was 22.9% greater (95% CI: 13.3 to 32.6, p<0.001) than in the moderate hyperoxia group 

(53.5% [95% CI: 46.7 to 60.3]) and 23.3% greater (95% CI: 13.7 to 33.0, p<0.001) than in 

the severe hyperoxia group (53.1% [95% CI: 46.3 to 60.0]). The ACh Emax was not different 

between moderate hyperoxia and severe hyperoxia groups (p=0.94). The ACh concentration 

at which half the maximal relaxation was achieved (i.e., the EC50) was not affected by 

oxygen treatment. Specifically, the ACh EC50 was −7.59 log M (95% CI: −7.72 to −7.47) 

in the normoxia group, −7.62 log M (95% CI: −7.76 to −7.48) in the moderate hyperoxia 

group, and -7.63 log M (95% CI: −7.77 to −7.50) in severe hyperoxia (p=ns across treatment 

groups). The Wald chi-square test that assessed an effect across all parameters in the 

dose-response curves confirmed an effect of oxygen treatment (p<0.001) on ACh-mediated 

vasorelaxation.

Hyperoxia also impaired endothelium-independent vasodilation in response to SNP. The 

SNP Emax was 133.1% (95% CI: 122.9 to 143.3) in the normoxia group, 128.3% (95% 

CI: 118.1 to 138.6) in the moderate hyperoxia group, and 114.8% (95% CI: 104.6 to 

125.0) in the severe hyperoxia group. The median SNP Emax in the normoxia group was 

18.3% greater (95% CI: 3.9 to 32.7, p<0.001) than the median SNP Emax in the severe 

hyperoxia group. The increase in SNP Emax between normoxia and moderate hyperoxia 

groups (4.8% [95% CI: −9.7 to 19.2], p=0.52) was not statistically significant, and there 

was a trend towards higher SNP Emax in the moderate hyperoxia group compared to the 

severe hyperoxia group (13.6% [95% CI: −0.9 to 28.0], p=0.07)). Vessels from mice treated 

with moderate hyperoxia required a significantly higher concentration of SNP to achieve 

half-maximal relaxation compared to vessels from mice treated with normoxia or vessels 

from mice treated with severe hyperoxia. The SNP EC50 was −7.43 log M (95% CI: −7.57 

to −7.29) in the normoxia group, −7.04 log M (−7.19 to −6.90) in the moderate hyperoxia 

group, and −7.31 log M (95% CI: -7.45 to −7.16) in the severe hyperoxia group. The 

moderate hyperoxia group had a SNP EC50 0.38 log M greater (95% CI: 0.18 to 0.58, 

p<0.001) than the SNP EC50 in the normoxia group and 0.26 log M greater (95% CI: 0.06 

to 0.47, p=0.01) than the SNP EC50 in the severe hyperoxia group. The SNP EC50 was not 

different between the severe hyperoxia and normoxia groups. The Wald chi-square test that 

assessed an effect across all parameters in the dose-response curves confirmed an effect of 

oxygen treatment (p<0.001) on SNP-mediated vasorelaxation.

Heme-independent soluble guanylyl cyclase activation induced similar vasodilatory 

responses in all three oxygen treatment groups. The cinaciguat Emax was 79.4% (95% 

CI: 68.8 to 84.0) in the normoxia group, 79.1% (95% CI: 71.5 to 86.7) in the moderate 

hyperoxia group, and 78.0% (95% CI: 70.4 to 85.6) in the severe hyperoxia group, and 

the cinaciguat EC50 was −18.1 log M (95% CI: −18.3 to −17.9) in the normoxia group, 

−18.0 log M (95% CI: −18.2 to −17.7) in the moderate hyperoxia group, and −18.2 log M 

(95% CI: −18.5 to −18.0) in the severe hyperoxia group (p=ns for all comparisons). The 

Wald chi-square test showed no significant effect of oxygen treatment (p=0.50) across all 

parameters in the cinaciguat dose-response curves.
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Aortic tissue oxidation

Representative images showing DHE fluorescence in aortic tissue are shown in Figure 

3. Hyperoxia treatment significantly increased superoxide production as measured by 2-

hydroxyethidium levels using HPLC. Median 2-hydroxyethidium in the normoxia group 

was 1419 pmol/mg (25th percentile-75th percentile: 1178–1513, n=4), compared to 1993 

pmol/mg (1831–2473, n=4) in the moderate hyperoxia group and 2078 pmol/mg (1936–

2922, n=3) in the severe hyperoxia group, (p=0.008, treatment effect across groups, Figure 

4). 2-hydroxyethidium was significantly lower in the normoxia group compared to the 

moderate hyperoxia group (p=0.02) and compared to the severe hyperoxia group (p=0.03). 

There was no significant difference in 2-hydroxyethidium between the moderate hyperoxia 

and severe hyperoxia groups (p=0.48).

Discussion

In this pre-clinical study of oxygen exposure and vascular reactivity, hyperoxia impaired 

endothelium-dependent and -independent vasodilation compared to normoxia, but heme-

independent activation of soluble guanylyl cyclase eliminated this impairment. Hyperoxia 

during surgery also increased superoxide in aortic tissue. The mechanisms by which 

hyperoxia impairs vascular relaxation are uncertain, although these findings suggest that 

production of reactive oxygen species and alterations in NO signaling may be involved.

Prior studies provide additional evidence that hyperoxia impairs vascular function and 

potentially through effects on NO signaling. In coronary vasculature, for example, 

100% FiO2 during coronary catheterization in healthy individuals increased coronary 

artery resistance and decreased coronary blood flow.7 These changes were unaffected by 

intracoronary ACh, but normal flow and resistance were restored by adenosine, a purinergic 

receptor agonist that impacts coronary smooth myocytes independent of NO.26 In another 

study, 100% FiO2 decreased forearm blood flow and this decrease was also unaffected by 

intraarterial ACh, but the endothelium-independent vasodilator verapamil, which inhibits 

calcium influx into vascular smooth muscle, restored normal flow.27 In that experiment, the 

coadministration of vitamin C, an antioxidant, during ACh infusion eliminated the effect 

of hyperoxia. These studies suggest that hyperoxia-induced vascular impairment is at least 

partially endothelium-dependent, and that oxidative stress contributes to this dysfunction. 

Others have noted no impact of hyperoxia on vascular relaxation in ex vivo femoral arteries 

and gracilis arterioles in healthy mice, although these studies did not administer oxygen 

treatment in vivo nor induce surgical stress or an ischemia reperfusion event prior to 

blood vessel isolation and vascular reactivity testing.28 Additional studies found increased 

systemic vasoconstriction, reduced vasodilator responses, and decreased blood flow in 

response to hyperoxia, although these responses differed across vascular beds, and molecular 

mediators of these findings have been unclear.29–31

The current study provides additional evidence that hyperoxia impairs endothelium-

mediated vasodilation (reduced ACh Emax in both moderate and severe hyperoxia compared 

to normoxia) but also that hyperoxia impairs endothelium-independent vasodilation. For 

example, the SNP EC50 was increased in moderate hyperoxia compared to normoxia. This 

effect may be a result of elimination of NO (decreased NO bioavailability) or impaired 
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NO binding to soluble guanylyl cyclase, but the similar SNP Emax between these two 

groups is evidence that increased NO administration may overcome this effect. In severe 

hyperoxia, however, SNP Emax was reduced compared to normoxia, indicating that increased 

NO in severe hyperoxic conditions does not result in complete soluble guanylyl cyclase 

activation. Hyperoxia could impair NO activation of soluble guanylyl cyclase by oxidizing 

the soluble guanylyl cyclase NO-binding heme moiety,32 as activation of soluble guanylyl 

cyclase with cinaciguat, which binds independent of the NO-binding site,16 was not affected 

by oxygen treatment. These results suggest that, once activated, soluble guanylyl cyclase 

function is not different between hyperoxic and normoxic conditions. Previous studies 

have observed that ROS such as superoxide uncouple eNOS, directly eliminate NO, and 

oxidize soluble guanylyl cyclase, but we did not measure these mechanisms directly.14,32 

Hyperoxia, compared to normoxia, increased aortic superoxide quantified by measuring 2-

hydroxyethidium in the current study, supporting the idea that hyperoxia-induced oxidative 

damage may contribute to these findings, although additional experiments are required to 

clarify these mechanisms.

Excess oxygenation also increased the vasoconstrictor response to norepinephrine in a dose-

dependent manner. Further study will be required to elucidate the mechanisms involved, but 

given the observed effects of hyperoxia on vasodilation, it is possible that the effects of 

hyperoxia on norepinephrine-induced vasoconstriction may be a result of the impairment on 

the vasodilatory cascade. Other potential mechanisms include enhanced alpha-1 receptor 

activity. Notably, we examined vascular relaxation responses relative to the achieved 

active tension (i.e., percent relaxation), so any effect of differences in active tension on 

vasorelaxation is minimized or eliminated.

Our study has several limitations. Mice were administered oxygen treatments during 

mechanical ventilation, surgery, and renal ischemia and reperfusion in vivo, but the vascular 

reactivity studies were performed on isolated aortic segments ex vivo. While this improved 

our ability to isolate the effect of hyperoxia on vascular reactivity, it limited the extent to 

which other counterregulatory systems in vivo may respond to changes in vascular oxygen 

tension and impact vascular reactivity. In addition, we did not measure specific enzymatic 

activities or substrates along the pathways of interest. Because hyperoxia did not impair 

vasodilation in response to heme-independent soluble guanylyl cyclase activation, future 

investigation may examine whether pre-treatment with a soluble guanylyl cyclase activator 

or stimulator restores normal vascular reactivity in hyperoxic environments. This approach 

could lead to novel therapies for surgical patients.

In summary, hyperoxia as compared to normoxia impaired endothelium-dependent and 

-independent vasodilation but not the vasodilator response to heme-independent soluble 

guanylyl cyclase activation. Increased ROS production in hyperoxic conditions may 

contribute to these findings. Further understanding of the mechanisms involved will be 

important for patients receiving high concentrations of supplemental oxygen and prone to 

ischemia reperfusion-mediated organ injury.
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Figure 1. 
Effect of oxygen treatment on vasoconstriction in response to norepinephrine. Box and 

whisker plots represent the median, 25th and 75th percentiles in the box, and the 

minimum and maximum values as whiskers. Each dot represents one aortic ring (n=20 

per group). p=0.03, effect of oxygen treatment across groups using the Jonckheere trend test. 

Comparisons between individual oxygen treatment groups used the Wilcoxon rank-sum test.
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Figure 2. 
Effect of oxygen treatment on vascular reactivity. Data shown as dose-response curves to (A) 

acetylcholine (endothelium-dependent response), (B) sodium nitroprusside (endothelium-

independent response), and (C) cinaciguat (soluble guanylyl cyclase [sGC] activation). N 

represents the number of aortic ring replicates subjected to the relaxation protocol. P-values 

test the null hypothesis that oxygen had no effect on any of the three model parameters using 

a Wald chi-square test.
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Figure 3. 
Representative confocal microscopy images of mouse aorta stained with dihydroethidium 

at 20X magnification after treatment with (A) 21%, (B) 60%, and (C) 100% oxygen. (D) 

Positive control, and (E) negative control images are also shown.
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Figure 4. 
Effect of oxygen treatment on aortic 2-hydroxyethidium production, presented as median ± 

SD per mg protein. Box and whisker plots represent the median, 25th and 75th percentiles in 

the box, and the minimum and maximum as whiskers. N represents number of mice in each 

group. p=0.008 for the effect of oxygen treatment across groups using the Jonckheere trend 

test. Comparisons between individual oxygen treatment groups used the Wilcoxon rank-sum 

test.
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Table 1.

Arterial blood gas data in mice treated with 21%, 60%, or 100% inspired oxygen. Data are presented as 

median (25th percentile – 75th percentile). P-values reflect effect of oxygen treatment across groups using the 

Jonckheere trend test.

Lab value 21% 60% 100% P-value

n = 8 n = 5 n = 4

pH 7.25 (7.21–7.28) 7.24 (7.23–7.31) 7.35 (7.32–7.43) 0.05

pCO2 (mmHg) 35.4 (30.3–40.5) 47.4 (36.4–54) 38.7 (31.1–48.9) 0.28

pO2 (mmHg) 104 (94.5–112) 218 (214–221) 318 (275.5–383.5) <0.001

Hemoglobin O2 Saturation (%) 96.5 (95.5–97.5) 100 (100–100) 100 (100–100) <0.001

Lactate (mmol/L) 1.31 (1.03–1.87) 0.94 (0.66–2.47) 0.91 (0.44–1.11) 0.33
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Table 2.

Vascular reactivity in vessels isolated from mice ventilated with 21%, 60%, or 100% oxygen and then 

incubated with 21, 60, or 95 % oxygen during myography. Data reported are model estimates (95% CI) for 

the maximum relaxation percentage (Emax) and the concentration at which the relaxation percentage is one 

half of the maximum relaxation percentage (EC50). N represents the number of aortic ring replicates in each 

experiment. P-values test the null hypothesis that oxygen had no effect on any of the three model parameters 

using a Wald chi-square test.

Drug Oxygen (%) Emax (% relaxation) EC50 (log molar) P-value

Acetylcholine (n = 20) 21
76.4 (69.6 to 83.3)*† −7.59 (−7.72 to −7.47) <0.001

60 53.5 (46.7 to 60.3) −7.62 (−7.76 to −7.48)

100 53.1 (46.3 to 60.0) −7.63 (−7.77 to −7.50)

Sodium nitroprusside (n = 20) 21
133.1 (122.9 to 143.3)

† −7.43 (−7.57 to −7.29)* <0.001

60 128.3 (118.1 to 138.6) −7.04 (−7.19 to −6.90)

100 114.8 (104.6 to 125.0) −7.31 (−7.45 to −7.16)*

Cinaciguat (n = 12) 21 76.4 (68.8 to 84.0) −18.1 (−18.3 to −17.9) 0.50

60 79.1 (71.5 to 86.7) −18.0 (−18.2 to −17.7)

100 78.0 (70.4 to 85.6) −18.2 (−18.5 to −18.0)

*
indicates p<0.05 vs. 60% oxygen, and

†
indicates p<0.05 vs. 100% oxygen for comparisons of specific parameters between individual treatment groups.
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