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Abstract

Chronic hypoxia is a major driver of cardiovascular complications, including heart failure. The 

nitric oxide (NO) – soluble guanylyl cyclase (sGC) – cyclic guanosine monophosphate (cGMP) 

pathway is integral to vascular tone maintenance. Specifically, NO binds its receptor sGC within 

vascular smooth muscle cells (SMC) in its reduced heme (Fe2+) form to increase intracellular 

cGMP production, activate protein kinase G (PKG) signaling, and induce vessel relaxation. 

Under chronic hypoxia, oxidative stress drives oxidation of sGC heme (Fe2+→Fe3+), rendering it 

NO-insensitive. We previously showed that cytochrome b5 reductase 3 (CYB5R3) in SMC is a 

sGC reductase important for maintaining NO-dependent vasodilation and conferring resilience 

to systemic hypertension and sickle cell disease-associated pulmonary hypertension. To test 

whether CYB5R3 may be protective in the context of chronic hypoxia, we subjected SMC-specific 

CYB5R3 knockout mice (SMC CYB5R3 KO) to 3 weeks hypoxia and assessed vascular and 

cardiac function using echocardiography, pressure volume loops and wire myography. Hypoxic 

stress caused 1) biventricular hypertrophy in both WT and SMC CYB5R3 KO, but to a larger 

degree in KO mice, 2) blunted vasodilation to NO-dependent activation of sGC in coronary 

and pulmonary arteries of KO mice, and 3) decreased, albeit still normal, cardiac function 

in KO mice. Overall, these data indicate that SMC CYB5R3 deficiency potentiates bilateral 

ventricular hypertrophy and blunts NO-dependent vasodilation under chronic hypoxia conditions. 

This implicates that SMC CYB5R3 KO mice post 3-week hypoxia have early stages of cardiac 

remodeling and functional changes that could foretell significantly impaired cardiac function with 

longer exposure to hypoxia.
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1. Introduction

Chronic hypoxia exposure is a significant risk factor for development of cardiopulmonary 

diseases leading to pulmonary vasoconstriction and detrimental cardiac remodeling[1–3]. 

The nitric oxide (NO) – soluble guanylyl cyclase (sGC) – cyclic guanosine monophosphate 

(cGMP) signaling cascade is a major pathway involved in maintaining vascular tone[4–6]. 

Specifically, NO produced by endothelial cells diffuses to vascular smooth muscle cells 

(SMC), where it binds sGC in its reduced heme state to induce cGMP production, protein 

kinase G (PKG) activation, and vasodilation[5, 7–12]. Chronic hypoxia exposure can result 

in increased generation of oxidative stress[1–3], which can drive sGC heme oxidation and 

loss of the sGC heme (apo-sGC)[4, 5, 13]. This results in impaired NO-sGC binding as 

well as decreased cGMP production and vasoconstriction[4, 5, 13]. To combat this, two 

new types of sGC therapeutic compounds were developed to enhance cGMP production: 

sGC stimulators, which target the NO-sensitive reduced sGC heme state, and sGC activators, 

which act on the NO-insensitive oxidized and apo-sGC heme states[14–16]. Specifically, 

sGC stimulator compounds work in concert with bioavailable NO to target the NO-sensitive 

reduced heme form of sGC, resulting in increased cGMP production and restoration of 

vasodilation[4, 14–16]. Of clinical relevance, sGC stimulators Riociguat and Vericiguat have 

been shown to have therapeutic efficacy in patients with pulmonary hypertension and heart 

failure with reduced ejection fraction, respectively[14, 17–19]; both are chronic hypoxia 

conditions. Therefore, maintaining NO-sGC-cGMP signaling is an important therapeutic 

avenue for combating chronic hypoxia-induced cardiovascular dysfunction.

Growing evidence suggests that cytochrome b5 reductase 3 (CYB5R3) acts as a sGC 

reductase (Fe3+→Fe2+) to maintain the sGC heme iron in its NO-sensitive reduced heme 

(Fe2+) state[20]. Indeed, CYB5R3, specifically in SMC, has been shown to provide 

resilience to the development of angiotensin-II induced systemic hypertension[21]. In a 

Townes sickle-cell disease mouse model, SMC-specific loss of CYB5R3 also resulted 

in accelerated development of pulmonary hypertension, indicated by an increased right 

ventricular maximum pressure, right ventricle per tibia area, and left ventricle plus septum 

per tibia area, compared to wild-type controls[22]. Combined, these previous results 

demonstrate that SMC-derived CYB5R3 likely provides resilience to the development of 

systemic hypertension and sickle cell-associated pulmonary hypertension, in part, through 

its action as a sGC reductase[20–22].

Based on this evidence, we hypothesized that SMC CYB5R3 preserves NOdependent, 

sGC-mediated vasodilation, conferring protection from chronic hypoxic stress-induced 

pulmonary and cardiac dysfunction. To test this hypothesis, we subjected tamoxifen-

inducible, SMC-specific CYB5R3 knockout mice (SMC CYB5R3 KO) and their wild-type 

(WT) counterparts to 3 weeks of chronic hypoxia (10% O2). Surprisingly, we observed 

that loss of CYB5R3 from SMC resulted in increased left ventricular mass compared 
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to WT mice. Additionally, chronic hypoxia in SMC CYB5R3 KO mice resulted in 

decreased cardiac ejection fraction and fractional shortening, as well as blunted coronary 

and pulmonary artery NO-dependent vasodilation compared to WT mice. Combined, 

these findings indicate that under hypoxic stress loss of SMC CYB5R3 promotes cardiac 

hypertrophy, diminished cardiac function and impaired NO-dependent vasodilation without 

any apparent effects on systemic and pulmonary pressure.

2. Results

To test if CYB5R3 in SMC confers protection under chronic hypoxic stress, we used 

tamoxifen-inducible smooth muscle cell specific CYB5R3 knockout mice (Cyb5r3fl/fl 

Myh11-CreERT2, SMC CYB5R3 KO)[21, 22]. Following tamoxifen treatment, we observed 

~60% decrease in SMC CYB5R3 protein expression in coronary and pulmonary arteries 

(Supplemental Figure 1). Next, we assessed whether cardiac function differed between post-

tamoxifen treated, baseline WT and SMC CYB5R3 KO mice (Figure 1A). Echocardiograph 

y assessment of baseline WT and SMC CYB5R3 KO mice revealed no differences in 

either left or right heart function between groups (Figure 1B and Supplemental Tables 

1 and 2). Next, baseline WT and SMC CYB5R3 KO mice were placed in hypoxia 

chambers (10% O2) for 3 weeks (Figure 1A) to induce chronic hypoxic stress. Surprisingly, 

echocardiography analysis of chronic hypoxia treated WT and SMC CYB5R3 KO mice 

revealed that SMC CYB5R3 KO mice have a significantly increased left ventricle mass 

(LV), LV posterior wall thickness at end-diastole (LVPW; d), and LV anterior wall thickness 

at end-diastole (LVAW; d) compared to WT mice (Figures 1B–D and Supplemental Table 2). 

SMC CYB5R3 KO mice also had significantly diminished LV ejection fraction compared to 

WT mice under hypoxic conditions (Figure 1E). These data indicate chronic hypoxic stress 

leads to a decline in left ventricular function as a result of loss of SMC CYB5R3.

In our assessment of right heart function after 3-weeks of hypoxia, we found no significant 

differences between WT and SMC CYB5R3 KO mice (Supplemental Table 1). However, 3 

week hypoxia treated SMC CYB5R3 KO mice had significantly increased right ventricular 

internal diameter (RVID) and right ventricular free wall (RVFW) thickness, and decreased 

pulmonary acceleration time (PAT) and RV fractional area change (FAC) compared to 

their pre-hypoxia baseline measurements indicative of hypoxia-induced RV remodeling 

(Supplemental Table 1). In 3-week hypoxia challenged WT mice the tricuspid valve inflow 

velocity during atrial contraction (TV A) was decreased relative to baseline. However, the 

more clinically and physiologically relevant TV E/A ratio was not significantly changed, 

suggesting that RV diastolic function was not affected by hypoxia relative to baseline. 

Furthermore, WT and SMC CYB5R3 KO mice showed similar increased TV E/A ratio, 

decreased PAT, and increased RVFW responses to chronic hypoxia when compared to 

their respective baselines. (Supplemental Table 1). While the PAT decrease in both groups 

indicates development of increased hypoxia-induced pulmonary pressure, the data overall 

suggest that RV diastolic function was unchanged by hypoxia irrespective of SMC CYB5R3 

availability.

We next performed a gross morphological assessment of hearts from chronic hypoxia-treated 

WT and SMC CYB5R3 KO mice. Chronic hypoxia treatment resulted in SMC CYB5R3 
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KO mice having significantly larger left and right ventricle weights normalized to tibia 

length as compared to WT (Figures 2A and Supplemental Table 3). In addition, while both 

SMC CYB5R3 KO and WT mice displayed an abnormally high Fulton index in response to 

chronic hypoxia, which is indicative of RV hypertrophy, the significantly larger Fulton index 

in SMC CYB5R3 KO mice relative to WT suggests that loss of SMC CYB5R3 actually 

potentiates RV hypertrophy (Figure 2B). WT and SMC CYB5R3 KO cardiac sections were 

then assessed for fibrosis by trichrome staining and cardiomyocyte diameter was quantified 

(Figure 2C). We found that chronic hypoxia did not lead to any significant differences in 

perivascular or overall cardiac fibrosis in the left or right ventricles of either group (Figure 

2D–E). Furthermore, left, but not the right, ventricular cardiomyocytes had significantly 

larger diameters in SMC CYB5R3 KO mice compared to WT (Figure 2F). Lastly, we 

performed wheat germ agglutinin staining to assess cardiomyocyte cross-sectional area 

and found a significant increase for the left, but not right ventricle cardiomyocytes of 

SMC CYB5R3 KO mice compared to WT (Figure 2G–H). Combined, these data indicate 

that, under chronic hypoxic stress, the loss of SMC CYB5R3 contributes to biventricular 

hypertrophy. However, there are likely different mechanisms at work in each ventricle since 

cardiomyocyte hypertrophy was detected only in the LV.

To determine whether the diminished left heart function observed with SMC CYB5R3 KO 

was the consequence of change in systemic blood pressure, we performed left ventricle 

cardiac catheterization in WT and SMC CYB5R3 KO mice after exposure to 3 weeks of 

hypoxia. We found no significant differences in heart rate, cardiac contractile index, systolic 

blood pressure (as determined by LV end systolic pressure), or intracardiac pressure in the 

left ventricle between groups (Figure 3A–D). In addition, no differences in Tau, ventricular 

end systolic elastance, arterial elastance, or ventricular arterial coupling were seen between 

WT and SMC CYB5R3 KO mice for the left ventricle (Figure 3E–H). Right ventricle 

catheterization also showed no differences between chronic hypoxia treated WT and SMC 

CYB5R3 KO for any of these indices (Figure 3A–H). Taken together, these data indicate 

that while loss of SMC CYB5R3 in chronic hypoxia conditions resulted in increased left 

ventricular cardiac hypertrophy, it did not significantly impact upon LV or RV contractility 

or ventricular-arterial coupling.

In addition to characterizing the cardiac function and morphology, we performed a global 

assessment of WT and SMC CYB5R3 KO mice to determine if any other organ systems 

were affected by SMC CYB5R3 KO. Given CYB5R3 is also known as methemoglobin 

reductase [23, 24], we conducted a complete blood count at baseline and post-3 weeks of 

hypoxia exposure to further validate the specificity of our SMC CYB5R3 KO and determine 

if circulating cells differed between groups. The similar red blood cell counts between 

the KOs and the WT littermates (Supplemental Table 4) suggest that the SMC-CYB5R3 

KO was indeed SMC-specific. However, co-oximetry of arterial blood, which was not 

performed in this study, would be necessary to definitively and directly exclude possible 

methemoglobinemia that could result from non-specific KO of CYB5R3 in red cells. Lastly, 

morphologic measurements in hypoxia-stressed animals showed that SMC-CYB5R3 KO did 

not induce any significant hypertrophy or atrophy of other, non-cardiac, highly vascularized 

organs (i.e., lungs, liver, spleen, kidney) relative to WT. (Supplemental Table 3).
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CYB5R3 has been previously shown to act as a sGC reductase that maintains sGC in 

its NO-sensitive reduced heme state in response to oxidative stress[20–22]. Therefore, we 

assessed whether SMC CYB5R3 acts as an sGC reductase in the vasculature in pulmonary 

and coronary arteries subjected to chronic hypoxic stress. Since it has been reported in 

cultured SMC that loss of CYB5R3 results in decreased sGCβ levels[20], we quantified total 

sGCβ protein expression in coronary and pulmonary arteries after chronic hypoxic stress. 

We found no differences in sGCβ protein expression per artery media area between hypoxia 

treated WT and SMC CYB5R3 KO mice in either coronary or pulmonary arteries (Figure 

4A–D).

We next sought to determine if CYB5R3 in SMC is important for maintenance of sGC 

heme redox state and NO-mediated vessel function immediately following chronic hypoxia 

for 3 weeks. To test this, vasodilation was measured in the left anterior descending 

coronary arteries and second order pulmonary arteries from WT and SMC CYB5R3 KO 

mice subjected to chronic hypoxia; responses to NO-donor sodium nitroprusside (SNP), 

the NO-independent sGC activator BAY 58–2667, and acetylcholine (Ach) were assessed 

(Figure 5A). SNP targets the reduced state of sGC (sGCFe2+), while BAY 58–2667 acts 

on the oxidized (sGCFe3+) and the apo-sGC states to induce NO-independent vasodilation 

(Figure 5B)[25–27]. Ach, an endothelium-dependent vasodilator, triggers release of NO 

along with other vasodilators, including prostaglandins, hydrogen peroxide and endothelial-

derived hyperpolarizing factor[28, 29]. In pulmonary arteries, SMC CYB5R3 KO mice 

showed a significantly impaired vasodilatory response to NO-donor SNP as compared to 

WT mice (Figure 5C). However, no difference was seen in BAY 58–2667 NO-independent 

vasodilation between groups (Figure 5D). Similarly, coronary arteries from SMC CYB5R3 

KO mice showed a significantly decreased responsiveness to SNP-induced vasodilation 

but no difference in BAY 58–2667 vasodilation compared to WT mice (Figure 5E–F). 

In coronary arteries, we found SMC CYB5R3 KO mice had significantly improved Ach-

induced vasodilation compared to WT mice (n=7) (Figure 5G). Taken together, these data 

show that under chronic hypoxic stress, SMC-derived CYB5R3 is important for regulating 

coronary and pulmonary artery NO-dependent sGC-mediated vasodilation.

The data presented herein indicate that following chronic hypoxic stress, SMC-CYB5R3 

deficiency led to potentiated structural remodeling of the heart. Pro-hypertrophic effects of 

SMC CYB5R3 deficiency differed between the ventricles, with cardiomyocyte hypertrophy 

occurring in the LV but not RV. Despite relative decrements in echocardiographic 

measurements of LV and RV function in chronically hypoxic SMC CYB5R3 KO mice 

relative to baseline, SMC CYB5R3 KO cardiac function (as measured by LVEF and 

RV FAC) remained within normal limits. Furthermore, PV loop analysis confirmed that 

cardiac contractility and ventricular-arterial coupling of SMC CYB5R3 KO mice was no 

different than that of WT mice, following chronic hypoxia. It is possible that loss of SMC 

CYB5R3 negatively impacts cardiac function at least partially, while other compensatory 

mechanisms maintain overall normal cardiac function. A limitation of this study is the lack 

of baseline (normoxic) PV loop analysis data in both WT and SMC CYB5R3 KO mice, 

which are planned for in future studies. Without these data, it is difficult to definitively 

determine whether SMC CYB5R3 deficiency compromises the cardiac contractile/functional 

remodeling response to chronic hypoxic stress.
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3. Materials and Methods

3.1 Experimental Animals and Treatment

We have previously detailed generation of tamoxifen-inducible SMC specific CYB5R3 

floxed mice (Cyb5r3fl/flMyh11-CreERT2)[21, 22]. Between 14–22 weeks of age, both male 

SMC CYB5R3 KO mice and their male WT controls (Cyb5r3wtl/wtMyh11-CreERT2) were 

injected with 1mg per day of tamoxifen for 10 days to induce SMC-specific knockout of 

CYB5R3 (Cyb5r3Δ/ΔMyh11-CreERT2, SMC CYB5R3 KO)[21, 22]. These baseline WT and 

SMC CYB5R3 KO mice were then placed in 10% O2 hypoxia chambers for 3 weeks and 

cardiac and pulmonary endpoints analyzed.

3.2 Echocardiography

The University of Pittsburgh Small Animal Ultrasonography Core performed 

echocardiogram measurements and analysis. Mice were anesthetized with 3% isoflurane 

and placed on a 37°C heat pad to maintain body temperature. During image acquisitions, 

isoflurane anesthetization was maintained at 1–2% to maintain a heart rate between 400–500 

beats per minute (bpm). Cardiac images were acquired with a Vevo 3100 imaging system 

and VisualSonic MX400 (20–46 MHz, 50 μm axial resolution) linear array transducer 

(FUJIFILM, VisualSonics, Toronto, Canada). The RVIDd was measured in the right 

parasternal long axis image with m-mode imaging.

3.3 Complete Blood Count Measurements

Retroorbital blood was collected from mice post-tamoxifen injection with mice anesthetized 

briefly (<5 minutes) by 1% isoflurane. After 3 weeks hypoxia, blood was collected 

via cardiac puncture from mice anesthetized with etomidate/urethane (9/1.1mg/kg 

intraperitoneally). Coagulation was prevented in blood samples by adding EDTA when 

collected and blood counts analyzed using a HemaTrue machine (Heska Inc). For complete 

blood count measurements, blood was drawn from the same group of mice at post-tamoxifen 

baseline and at 3 weeks of hypoxia. Therefore, comparisons between baseline versus chronic 

hypoxia within the same genotype were assessed for normality by Shapiro-Wilk normality 

test and then either subjected to paired two tailed t-test analysis (p) if data were normally 

distributed or subjected to a Wilcoxon matched-pairs signed rank test (*p) if data were not 

normally distributed.

3.4 Hemodynamic and Ventricular Micro-Catheterization

Experiments were performed by the University of Pittsburgh Small Rodent Core. Mice were 

anesthetized with etomidate/urethane (9/1.1mg/kg, Butler Schein) and placed on a 37°C 

heating pad to regulate body temperature. The mouse neck muscles were carefully resected 

to expose an approximately 20 millimeter section of the jugular vein and then intubated to 

assist with breathing. Two 6–0 silk surgical sutures were placed on the jugular vein: one 

tightly placed at the cranial end of the jugular vein and another lightly looped closer to the 

heart. A small incision was then made and a 1.2F micro pressure-volume (PV) catheter was 

threaded into the jugular, followed by the suture near the heart on the jugular vein tightened 

to prevent bleeding, and finally guidance of the catheter to the right side of the heart. 
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After 5 minutes of catheter stabilization in the right heart, pressure measurements were 

recorded. For left ventricular measurements, mice were similarly anesthetized and intubated. 

However, the chest cavity was opened and the catheter was threaded into the left ventricle 

at the apex of the heart. After 5 minutes of catheter stabilization in the left heart, pressure 

measurements were recorded. Analysis of the recordings was performed on IOX2 software 

(EMKA Technologies). Mean pulmonary artery pressure (calculated) = SBP * 0.65 + 0.55 

mmHg, with RV pressure max substituted for SBP, as described in Syyed et al.[30]

3.5 Trichrome Analysis of Fibrosis

Trichrome analysis was conducted as described previously[21]. Cardiac tissue sections 

were stained with Masson’s Trichrome Kit (Thermo Fisher Scientific, 87019) using the 

manufacturer’s protocol to assess fibrosis. Tissue sections were imaged via Tissuegnostics 

Microscope at 20x objective and stitched together using Nikon Elements Software using 

8% overlap. In Fiji software, a threshold was set to identify fibrosis and was applied 

to each image. The images were converted to a binary image format from the threshold 

and quantified. Total tissue area was quantified in the same manner with a threshold set 

for total tissue and total fibrosis per tissue area reported. To assess perivascular fibrosis, 

a region of interest was drawn around the arterial media of a single coronary artery 

selected in the left and right ventricle. A second region of interest was drawn around the 

blue colored matrix staining for collagen surrounding the vessel, indicative of perivascular 

fibrosis, to the point where the blue came in contact with cardiomyocytes (pink). The ratio 

of perivascular fibrosis normalized to artery medial area is reported. For cardiomyocyte 

diameter measurements, the length of 10 cardiomyocytes randomly selected near a coronary 

artery were averaged and compared between groups.

3.6 Immunofluorescence Analysis

Immunofluorescence analysis was done as described previously[21]. Mouse tissues were 

fixed in 4% paraformaldehyde (Santa Cruz, sc-281692) for 24 hours, placed in 70% 

ethanol, processed, paraffin-embedded, and sectioned. Tissue sections were deparaffinized, 

rehydrated in distilled H2O, and subjected to heat-mediated citric acid-based antigen 

retrieval (Vector Laboratories, H-3300) for 20 minutes then cooled. Sections were then 

incubated in PBS with 10% horse serum (Sigma, H1138–100) for 1 hour at room 

temperature. Primary antibody incubation in PBS containing 10% horse serum was then 

done overnight at 4°C in a humidity chamber with the following antibodies: CYB5R3 

(Proteintech, 10894–1-AP, 1:100) or sGCβ (Cayman Chemical, 160897, 1:100), and Von 

Willebrand Factor (VWF - Abcam, ab11713, 1:250). One section per slide was stained with 

a rabbit IgG control (Vector Laboratories, I-1000) that matched in concentration and dilution 

that of CYB5R3 and sGCβ respectively as a negative control. Slides were washed then 

incubated with the following secondary antibodies diluted in PBS with 10% horse for 1 hour 

at room temperature: smooth muscle α-actin-FITC (ACTA2-FITC - MilliporeSigma, F3777 

clone 1A4, 1:500), donkey anti-rabbit 594 (Invitrogen, A-21207, 1:250), DAPI (Thermo 

Fisher Scientific, D3571, 1:100), and donkey anti-sheep 647 (Invitrogen, A-21448, 1:250). 

Slides were then washed and cover-slipped with Prolong Gold Antifade with DAPI reagent 

(Invitrogen, P36931). Z-stack images of arteries were taken with a Nikon A1 Confocal 

Laser Microscope at the Center for Biological Imaging at the University of Pittsburgh at 

Durgin et al. Page 7

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40x magnification, 1096 × 1096 resolution, and at 1 μm increments. Maximum intensity 

images were created in Nikon Elements Software. Regions of interest were drawn in the 

maximum intensity projections in Fiji software for ACTA2+ areas indicative of SMC media 

and superimposed on the corresponding sGCβ or CYB5R3 images. The raw integrated 

intensity per media area was then quantified and reported.

For wheat germ agglutinin staining, cardiac sections were deparaffinized, underwent heat-

mediated antigen retrieval, and subsequently incubated in PBS with 10% horse serum for 

1 hour at room temperature. Cardiac sections were then incubated in PBS with 10% horse 

serum containing antibodies for wheat germ agglutinin (WGA) conjugated to Alexa Fluor 

488 (Invitrogen, W11261) and DAPI (as stated above) for 30 minutes at room temperature. 

Slides were then washed thrice in PBS and cover-slipped with Prolong Gold Antifade with 

DAPI reagent. Coronary arteries were located within cardiac sections and a single plane 

image taken with a Nikon A1 Confocal Laser Microscope at the Center for Biological 

Imaging at the University of Pittsburgh at 40x magnification and 1096 × 1096 resolution. 

In ImageJ, the cross-sectional area of 10 randomly sampled cardiomyocytes surrounding 

coronary arteries were quantified and averaged per mouse. Subsequently, the cross-sectional 

area of cardiomyocytes per genotype was compared and reported.

3.7 Wire myography

Murine lungs and hearts were rapidly excised and placed in room temperature physiological 

salt solution (PSS) as described previously[21]. The second order pulmonary arteries and 

left anterior descending coronary arteries were cleaned of tissue and cut into 2 millimeter 

rings. Two wires that were 25 microns in diameter were threaded through the lumen and 

placed on a small vessel wire myograph (DMT 620M) filled with PSS at 37°C. Following a 

30-minute rest, arteries were gradually stretched to a tension corresponding to a transmural 

pressure of 80mmHg. Viability was tested by 60mM KCl exposure for 5 minutes. Rings 

were washed thrice with PSS and rested for another 30 minutes. PSS was replaced and 

vessels rested for an additional 10 minutes. Next, coronary and pulmonary arteries were 

constricted with cumulative doses of phenylephrine (10−6 – 10−5 M) or prostaglandin 

F2 (PGF2α, 10−7 – 10−5 M, Tocris #4214), respectively, at 4-minute intervals until the 

vessels reached ~50% vasoconstriction. Vessel were then treated with cumulative doses of 

NO-donor sodium nitroprusside (SNP, 10−9 – 10−4 M, Sigma-Aldrich, #71778) at 3-minute 

intervals, acetylcholine at 3-minute intervals (Ach, 10−8 – 10−5 M, Sigma Aldrich, #A6625), 

or NO-independent vasodilator BAY 58–2667 (10−12 – 10−6 M, Bayer AG Pharmaceuticals) 

at 5-minute intervals. Lastly, vessels were treated with Ca2+-free PSS containing 100μM 

SNP to determine maximal vessel dilation. Vessel reactivity was normalized to the change in 

maximal constriction with PGF2α or phenylephrine to maximal dilation from Ca2+-free PSS 

with 100 μM SNP to determine the percent relaxation reported herein.

3.8 Statistical Analysis

All data analysis was done using Graphpad Prism Software version 7.0d. Data was assessed 

for normality using Shapiro-Wilk normality test. If data was normally distributed, unpaired 

two-tailed t-tests were performed. If data was normally distributed but was found by F-

test to have unequal variances, unpaired two-tailed t-test with a Welch’s correction was 
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applied. For data that was not normally distributed, a Mann Whitney U test was used. For 

wire myography experiments, two way-ANOVA analyses with post-hoc Sidak’s multiple 

comparisons test were conducted. Figure legends include information for which statistical 

tests were done for each analysis and n values which indicate the number of mice or samples 

for each analysis.

4. Discussion

We show for the first time that SMC CYB5R3 is important in preserving cardiac function 

and pulmonary vasodilation when challenged by chronic hypoxia. This work builds 

upon previous lines of evidence showing that SMC derived CYB5R3 plays a significant 

and protective role in cardiovascular and pulmonary disease. Both prior[21] and current 

evidence herein show that SMC CYB5R3 KO mice exhibited a blunted NO-dependent 

vasodilation response in the context of oxidative stress, implicating a major function of 

CYB5R3 in SMC as a sGC heme iron reductase to maintain NO-dependent sGC-mediated 

vasodilation. In sickle cell-associated pulmonary hypertension, loss of SMC CYB5R3 

accelerated development of pulmonary hypertension and cardiac hypertrophy[22]. In this 

study, we observed that chronic hypoxia treatment alone leads to cardiac hypertrophy 

in mice lacking SMC CYB5R3. While we previously reported SMC CYB5R3 KO mice 

in normoxic conditions had a slight but significant 5.84-mmHg higher systemic mean 

arterial pressure[21] relative to WT using telemetry, we found baseline WT and SMC 

CYB5R3 KO mice in this study did not exhibit any differences in cardiac function. 

Moreover, chronic hypoxia treated WT and SMC CYB5R3 KO animals had no differences 

in systemic or pulmonary pressures, further suggesting pressure is likely not a driver of 

the changes in cardiac function in SMC CYB5R3 KO mice. Instead, evidence suggests that 

hypoxic conditions are a driver of SMC derived CYB5R3-mediated cardiac dysfunction and 

hypertrophy[21, 22]. Studies in several different SMC-specific knockout mouse models have 

shown that SMC-derived proteins are important contributors to the regulation of cardiac 

function in the context of chronic hypoxia, though this was accompanied by changes in 

either pulmonary or systemic pressures[31–33]. Thus, our studies provide the first evidence 

that under chronic hypoxia conditions, cardiac hypertrophy is seen with loss of SMC 

CYB5R3.

Notably, the left ventricle of 3 week hypoxia treated SMC CYB5R3 KO mice showed 

functional impairment and cardiomyocyte hypertrophy compared to WT controls. The 

decreased left ventricular ejection fraction (LVEF) in the absence of data supportive of less 

efficient ventricular-arterial coupling (Ees, Ea, LV dP/dt max and systemic blood pressure 

changes) likely signifies early stages of impairment to LV function, which is still more than 

50 percent of normal. As such, the decreased LVEF would still be considered “preserved”, 

as opposed to “reduced,” and thus not yet be sufficient to have a detrimental effect on 

ventricular-arterial coupling (decreased Ees and/or increased Ea) or systemic blood pressure 

in the hypoxia-treated SMC CYB5R3 KO mice. We predict that increasing the duration of 

the chronic hypoxia by additional weeks or months may be necessary for the decrease in 

LVEF to reach a level that produces more systemic cardiovascular effects.
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With respect to the right ventricle, we detected no differences in RV function between 

hypoxic WT and SMC CYB5R3 KO mice by echocardiography, nor via histological 

measurements of fibrosis and cardiomyocyte hypertrophy. However, we found that SMC 

CYB5R3 KO mice subjected to hypoxia had an increased Fulton index compared to 

similarly treated WT mice. It is important to note that the Fulton index was determined 

by comparing weights of the right ventricle with the left ventricle plus septum in freshly 

isolated hearts that contain interstitial fluid. In order to perform histological analyses, these 

hearts were immediately placed post-weighing in paraformaldehyde, then subsequently 

stored in 70% ethanol, before being processed for paraffin embedding. Given the ethanol 

and processing for paraffin embedding dehydrates the tissue, we were not able to assess 

interstitial fluid accumulation in the heart from a potentially leaky cardiac vasculature 

in our histological assessments. Prospective studies to address possible interstitial fluid 

accumulation by assessing nonfixed ventricular tissue or use of cardiac magnetic resonance 

imaging would be needed to confirm this concept.

Contrary to previous studies[20–22], the sGC activator BAY 58–2667 did not enhance ex 
vivo vasodilation in SMC CYB5R3 KO pulmonary and coronary arteries isolated from 

animals subjected to chronic hypoxia. In cultured rat aortic vascular SMC, CYB5R3 

knockdown has been shown to decrease sGCβ levels[20]. However, chronic hypoxic stress 

elicited no differences in sGCβ protein expression between WT and SMC CYB5R3 KO 

vessels (Figure 4). Moreover, both WT and SMC CYB5R3 KO isolated pulmonary and 

coronary arteries from mice exposed to chronic hypoxia respond to BAY 58–2667 indicating 

it is also unlikely that there is differential phosphodiesterase-mediated cGMP degradation 

occurring between groups[34–36]. Nonetheless, we cannot rule out the potential possibility 

for differential subcellular localization of sGC-cGMP and co-compartmentalization with 

phosphodiesterase 5 (PDE5) in our studies[25, 37–39]. It is important to note that BAY 58–

2667 has been shown to bind to the heme pocket of apo-sGC[5, 27]. However, a definitive 

understanding of the key mechanisms and proteins involved in the transition from oxidized 

to heme-deficient apo-sGC remain largely unknown. Purified enzyme studies have shown 

that in anaerobic conditions, increasing NO concentrations lead to an increase in reductive 

S-nitrosation of the cysteine residues on the oxidized ferric, but not the reduced ferrous form 

of sGCβ[40]. It is likely that loss of CYB5R3 leads to increased ferric sGC formation, which 

may enhance reductive S-nitrosation of sGC, thereby limiting sGC activity. In addition, it is 

possible that S-nitrosation aids to “lock in” the heme to its binding site, rendering it unable 

to be activated by BAY 58–2667. Indeed, work by Kirsch et al has shown that with 21-days 

of chronic hypoxia, conditions near identical to those herein, there was an increase in nitric 

oxide synthase (NOS) 2 and 3, a decrease in phosphodiesterase 5 (PDE5), but no change 

in sGCβ protein levels in the lung compared to normoxic control lungs[35]. In addition, 

BAY 58–2667 treatment between days 21–35 of chronic hypoxia failed to reverse right 

ventricular systolic pressure changes or right heart hypertrophy in global NOS3 knockout 

mice suggesting there may be a NOS3-dependent function for BAY 58–2667[41]. Taken 

together, we therefore propose the concept that in low oxygen there may be a stabilization 

of the oxidized form of sGC through an as yet unknown and unproven physiological 

mechanism; we hypothesize perhaps through S-nitrosation of sGC cysteine residues. Thus, 

while loss of SMC CYB5R3 would, in theory, increase the rate and/or quantity of generation 
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of oxidized heme sGC and the S-nitrosation, the WT and SMC CYB5R3 KO in chronic 

hypoxia would have similar levels of apo-sGC and similar BAY 58–2667 response.

Although we observed reduced NO-mediated vasodilation and no change in BAY 58–

2667 vasodilation in the coronary arteries, we did observe a significant improvement 

in acetylcholine-mediated vasodilation in coronary arteries. These results may explain 

why we observed no difference in either pulmonary or systemic blood pressure. It is 

well known that acetylcholine can trigger the release of several vasodilators besides 

NO, including prostaglandins, hydrogen peroxide and endothelial-derived hyperpolarizing 

factors in the coronary circulation to cause a shift in vasodilator response under various 

pathophysiological conditions[28, 29]. These results may infer that SMC CYB5R3 can 

facilitate an endothelium-dependent “vasodilator switch” under hypoxic conditions to 

preserve endothelium-dependent vasodilation and preserve coronary blood flow. Future 

studies are needed to explore this idea.

Mechanistically, our data may suggest that there is a disruption in SMC-cardiomyocyte 

cross-talk in the setting of chronic hypoxic stress in SMC CYB5R3 KO mice that is absent 

in WT controls. Of note, earlier work by Krawutschke et al. has shown that cGMP generated 

in SMC can be transferred out of SMC by ABC transporter multidrug resistance-associated 

protein 4 (MRP4)[42, 43]. Work by Menges et al has shown in an in vitro co-culture model 

that NO-induced cGMP production in cardiac fibroblasts can traverse gap junctions and 

accumulate in cardiomyocytes[44]. Increased cardiac myocyte cGMP has been associated 

with decreased cardiac hypertrophy[25]. Given our data herein, it stands to reason that 

NO-sGC-cGMP activation and regulation of sGC redox state, in part by CYB5R3, in the 

coronary circulation may be a crucial protective mechanism for preventing cardiomyocyte 

hypertrophy and possible heart failure. An intriguing hypothesis to explore will be if SMC-

cardiomyocyte cross-talk might include the transfer of cGMP via gap junctions and to test 

definitively if CYB5R3 may influence this process.

As shown in our data, CYB5R3 acts as a sGC heme reductase to preserve NO-dependent 

vasodilation and is protective against left ventricular cardiac dysfunction under chronic 

hypoxic stress. Notably, sGC stimulator therapy Riociguat, which works in concert with 

bioavailable NO to improve NO-dependent sGC activity and cGMP production, has 

been tested clinically in patients with pulmonary hypertension and either left ventricular 

dysfunction or diastolic heart failure. In both the Left Ventricular Systolic Dysfunction 

Associated with Pulmonary Hypertension Riociguat Trial (LEPHT) and the Acute 

Hemodynamic Effects of Riociguat in Patients with Pulmonary Hypertension Associated 

with Diastolic Heart Failure (DILATE-1) trials, patients exhibited significant improvement 

in cardiac index and stroke volume[45–47]. Future translational studies assessing whether 

sGC stimulator treatment in our SMC CYB5R3 KO mice subjected to chronic hypoxia may 

prevent or even reverse the cardiac dysfunction are needed. Of additional clinical relevance, 

a CYB5R3 loss of function mutation rs1800457, which substitutes a serine for a threonine 

(T117S), is found at an allelic frequency of 0.23 in those of African descent[48, 49]. A 

pertinent planned direction of exploration will be to assess whether CYB5R3 variants, 

particularly this T117S loss of function variant, may serve as a biomarker to identify patients 

with more severe cardiopulmonary disease.
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5. Conclusion

Our studies are the first to show that CYB5R3 expression in vascular smooth muscle cells 

is important for maintaining cardiac function and NO-dependent vasodilation in response to 

chronic hypoxic stress.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Chronic hypoxia is an underlying cause of pulmonary hypertension and heart 

failure

• In chronic hypoxia, smooth muscle specific deletion of CYB5R3 increases 

cardiac hypertrophy

• Smooth muscle cell CYB5R3 is important for maintaining NO-dependent 

vasodilation under chronic hypoxic stress
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Figure 1: 3 weeks of chronic hypoxia results in SMC CYB5R3 KO mice with increased left 
ventricular (LV) mass, and decreased LV ejection fraction compared to WT mice.
A) Schematic representation showing baseline (post tamoxifen treated) WT and SMC 

CYB5R3 KO mice were subjected to hypoxic stress (10% O2) for 3 weeks. Cardiac and 

pulmonary physiology was assessed at baseline and post hypoxia. B-D) Chronic hypoxia 

treated SMC CYB5R3 KO mice (n=10) have significantly increased left ventricular wall 

mass compared to WT mice (n=8). E) 3-week hypoxia treated SMC CYB5R3 KO mice 

(n=9) have significantly decreased ejection fraction as compared to WT mice (n=8). The 

data represent mean ± standard error of the mean (SEM). P values represent unpaired, two 

tailed t-test comparison between WT and SMC CYB5R3 KO mice.
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Figure 2: 3 weeks chronic hypoxia results in increased left ventricular (LV) hypertrophy in SMC 
CYB5R3 KO mice compared to WT but no differences in cardiac fibrosis between groups.
A-B) SMC CYB5R3 KO mice (n=8) had a significant increase in left ventricle (LV) weight 

per tibia length and Fulton index compared to WT mice (n=6–7). C) Representative images 

of trichrome staining of the LV near coronary arteries of WT and SMC CYB5R3 KO 

mice (50-micron scalebar). Images were taken on a Tissuegnostics Microscope, stitched 

together using Nikon Elements Software, and analyzed using Fiji software. D-E) There 

are no significant differences in perivascular or overall cardiac fibrosis per either LV or 

right ventricle (RV) area between WT (n=5–6) and SMC CYB5R3 KO (n=8) mice. F) 
SMC CYB5R3 KO mice (n=8) had larger cardiomyocyte diameters in the LV, but not RV 

compared to WT mice (n=6–7). G) Wheat germ agglutinin (green) and DAPI (blue, nuclei) 

staining was imaged on a Nikon A1 Confocal Laser Microscope and analyzed by Nikon 

Elements and Fiji software (50-micron scalebar). H) Cardiomyocyte cross sectional area 

analysis showed significant differences between LV WT (n=9) and SMC CYB5R3 KO (n=7) 

cardiomyocytes, but not RV cardiomyocytes. The data represent mean ± standard error of 
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the mean (SEM). P values represent an unpaired, two tailed t-test and *P values represent a 

Mann Whitney U comparison of WT versus SMC CYB5R3 KO mice.
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Figure 3: Chronic hypoxia treated WT and SMC CYB5R3 KO mice have similar left and right 
heart pressures and elastance.
Intracardiac catheterization was conducted to measure left and right heart pressures in WT 

and SMC CYB5R3 KO mice subjected to chronic hypoxia. A-D) No significant changes 

were seen in heart rate (bpm – beats per minute), or systolic or intracardiac pressures 

between WT and SMC CYB5R3 KO for either the left (n=5/group) or right (n=8/group) 

ventricle. E) Tau measurements showed no differences in either the left or right ventricle 

between WT (n=5–7) and SMC CYB5R3 KO mice (n=6). F-H) No differences were seen in 

ventricular end systolic elastance, arterial elastance, or ventricular arterial coupling between 

WT (n=3–6) and SMC CYB5R3 KO mice (n=7–5). The data represent mean ± standard 

error of the mean (SEM). P values represent unpaired, two tailed t-test comparison, ^P 
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represents unpaired, two tailed t-test comparison with Welch’s correction, and *P values are 

Mann Whitney U comparison.
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Figure 4: 3 weeks chronic hypoxia treated WT and SMC CYB5R3 KO have similar sGCβ levels 
in the vessel media.
Representative images of A) coronary arteries (50-micron scalebar) and B) pulmonary 

arteries (25-micron scalebar) of WT and SMC CYB5R3 KO mice subjected to chronic 

hypoxia. Images were taken on Nikon A1 Confocal Laser Microscope and analyzed by 

Nikon Elements and Fiji software. DAPI stains nuclei (blue). sGCβ is stained in red. ACTA2 

is smooth muscle α-actin staining to delineate SMC (green). VWF is Von Willebrand Factor 

staining to delineate endothelial cells (gray). Yellow dashed lines highlight the boundaries 

of the vessel media. C-D) No differences in sGCβ levels per media area in coronary or 

pulmonary arteries were observed between WT (n=7–8) and SMC CYB5R3 KO (n=8) mice. 

The data represent mean ± standard error of the mean (SEM). Statistical differences were 

quantified by unpaired, two tailed t-test comparison of WT versus SMC CYB5R3 KO.
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Figure 5: SMC CYB5R3 KO mice exposed to chronic hypoxia have diminished NO-dependent 
vasodilation compared to WT.
A) Schematic representation of the wire myography protocol. B) An sGC redox state 

schematic showing acetylcholine (Ach) and sodium nitroprusside (SNP) target the reduced 

(sGCFe2+) state of sGC while BAY 58–2667 targets oxidized (sGCFe3+) and/or apo-sGC 

to induce NO-independent vasodilation. C-D) Pulmonary (WT n=8; SMC CYB5R3 KO 

n=11) arteries of SMC CYB5R3 KO mice showed a significantly impaired NO-dependent 

vasodilation (SNP) but no difference in NO-independent vasodilation (BAY 58–2667) 

compared to WT mice. E-F) Similarly, coronary arteries showed SMC CYB5R3 KO 

mice had decreased SNP induced vasodilation compared to WT mice (n=4/group) but 

no significant difference in responsiveness to NO-independent BAY 58–2667 induced 

vasodilation (n=9–10/group). G) SMC CYB5R3 KO arteries (n=8) had an increased 

responsiveness to Ach compared to WT mice (n=7). The data represent mean ± standard 

error of the mean (SEM). P values represent a two-way ANOVA comparison between 

WT and SMC CYB5R3 KO with * representing P<0.05 by post-hoc Sidak’s multiple 

comparisons test.
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