
Role of Cytoglobin in Cigarette Smoke Constituent-Induced Loss 
of Nitric Oxide Bioavailability in Vascular Smooth Muscle Cells

Elsayed M. Mahgoup1,2, Sahar A. Khaleel1,2, Mohamed A. El-Mahdy1,2, Adel R. Abd-Allah2, 
Jay L. Zweier1,*

1Department of Internal Medicine, Division of Cardiovascular Medicine, and the EPR Center, 
Davis Heart and Lung Research Institute, College of Medicine, The Ohio State University, 
Columbus, OH 43210, USA.

2Department of Pharmacology and Toxicology, College of Pharmacy, Al-Azhar University, Cairo, 
Egypt.

Abstract

Cytoglobin (Cygb) has been identified as the major nitric oxide (NO) metabolizing protein in 

vascular smooth muscle cells (VSMCs) and is crucial for the regulation of vascular tone. In the 

presence of its requisite cytochrome B5a (B5)/ B5 reductase-isoform-3 (B5R) reducing system, 

Cygb controls NO metabolism through the oxygen-dependent process of NO dioxygenation. 

Tobacco cigarette smoking (TCS) induces vascular dysfunction; however, the role of Cygb in 

the pathophysiology of TCS-induced cardiovascular disease has not been previously investigated. 

While TCS impairs NO biosynthesis, its effect on NO metabolism remains unclear. Therefore, 

we performed studies in aortic VSMCs with tobacco smoke extract (TSE) exposure to investigate 

the effects of cigarette smoke constituents on the rates of NO decay, with focus on the alterations 

that occur in the process of Cygb-mediated NO metabolism. TSE greatly enhanced the rates of 

NO metabolism by VSMCs. An initial increase in superoxide-mediated NO degradation was seen 

at 4 hours of exposure. This was followed by much larger progressive increases at 24 and 48 

hours, accompanied by parallel increases in the expression of Cygb and B5/B5R. siRNA-mediated 

Cygb knockdown greatly decreased these TSE-induced elevations in NO decay rates. Therefore, 

upregulation of the levels of Cygb and its reducing system accounted for the large increase in 

NO metabolism rate seen after 24 hours of TSE exposure. Thus, increased Cygb-mediated NO 

degradation would contribute to TCS-induced vascular dysfunction and partial inhibition of Cygb 

expression or its NO dioxygenase function could be a promising therapeutic target to prevent 

secondary cardiovascular disease.
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1. Introduction

Despite cessation efforts, tobacco cigarette smoking (TCS) continues to be a major health 

risk and contributor to cardiovascular disease (CVD) [1]. TCS induces vascular dysfunction 

that in turn leads to CVD [2; 3; 4]. Decreased nitric oxide (NO) bioavailability serves as 

a central hallmark of this critical pathophysiological process [4; 5]. Originally identified 

as endothelium-derived relaxing factor, NO, is a key regulator of vascular tone and blood 

flow [6; 7]. NO binding to soluble guanylate cyclase (sGC) in the smooth muscle of vessels 

induces cyclic guanosine monophosphate (cGMP)-mediated vascular relaxation [8; 9]. In 

addition to its vasodilator effect, NO is also a key regulator of vascular homeostasis via 
inhibition of smooth muscle cell proliferation, platelet aggregation, leukocyte adhesion, and 

expression of pro-inflammatory cytokines [10; 11; 12].

Vascular NO levels are controlled by the balance between the rates of NO synthesis 

and NO metabolism [13; 14]. Under normal physiological conditions, NO is synthesized 

in the endothelium by endothelial NO synthase (eNOS) which utilizes the amino acid 

L-arginine and molecular oxygen to generate NO and L-citrulline. Several co-factors, such 

as tetrahydrobiopterin (BH4) and Ca2+/calmodulin, regulate the production of NO from 

eNOS [15; 16]. Whilst the process of NO synthesis has been well-defined and extensively 

studied for decades, the precise process of NO metabolism in the vascular wall had remained 

elusive.

Early studies observed O2-dependent NO metabolism in the vascular wall and suggested that 

there is a NO dioxygenase present in vascular smooth muscle [17; 18]. Most recently, it has 

been demonstrated that vascular NOD activity is primarily mediated by the novel globin, 

cytoglobin (Cygb), which in the presence of its requisite cytochrome b5a/cytochrome b5 

reductase isoform 3 (B5/B5R) reducing system, uniquely exhibits high O2-dependent NO 

dioxygenase activity [13; 19; 20; 21; 22]. Cygb belongs to the globin family, which includes 

hemoglobin, myoglobin, and neuroglobin [19; 23]. While all globins can metabolize NO to 

nitrate via NO dioxygenation, Cygb has much higher NOD activity than the other globins 

[24; 25; 26]. In addition, Cygb is also expressed at much higher levels in vascular smooth 

muscle than other globins. Cygb has been shown to be the main NO degradation pathway 

in the blood vessel wall serving to regulate vascular tone and blood pressure [24]. This has 

been confirmed with the observation of abrogated NO consumption with increased vascular 

relaxation, and low systemic blood pressure in Cygb−/− mice [13; 24].

While Cygb is now established as a key regulator of vascular tone and is inducible under 

some pathological conditions [27; 28], there is a lack of knowledge regarding the alterations 

in Cygb expression and function that occur in response to CVD risk factors including 

TCS. While TCS can trigger eNOS dysfunction and uncoupling with resultant loss of NO 

synthesis and increase in superoxide, O2
•−, generation [5; 29; 30], the alterations in the 
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process of cellular NO metabolism remain unclear. The levels of Cygb expressed in vascular 

smooth muscle would be expected to modulate the rate of NO degradation and vascular 

NO bioavailability, in turn affecting subsequent onset of TCS-induced CVD. Thus, it is of 

great importance to determine how TCS exposure impacts the expression of Cygb, its NOD 

activity, and overall NO metabolism.

Therefore, in the present work, studies are performed in vascular smooth muscle cells 

(VSMCs) characterizing the effects of tobacco smoke extract (TSE) exposure on Cygb 

expression and the process of cellular NO decay. The expression of Cygb and its requisite 

reducing system, B5/B5R, greatly increased 24 hours post TSE exposure, with further 

increases at 48 hours. The rate of Cygb-mediated NO decay paralleled the increase in Cygb 

expression, while with Cygb knockdown this increased NO degradation was abrogated. 

Thus, TSE-exposure triggers enhanced Cygb-mediated NO metabolism leading to decreased 

NO bioavailability.

2. Materials and Methods

2.1. Materials:

Chemicals, reagents, and other materials were obtained from Millipore Sigma-Aldrich (St. 

Louis, MO) unless noted otherwise.

2.2. Cell culture

Mouse aortic VSMCs were purchased from American Type Culture Collection (CRL-2797, 

ATCC, Manassas, VA) were maintained in RPMI 1640 medium (A10491–01, Gibco LTC, 

Waltham, MA) supplemented with 10% (v/v) fetal bovine serum (FBS; Invitrogen, Waltham, 

MA), penicillin (100 U/ml), VSMCs Growth supplement (Lonza Group Ltd, Switzerland), 

and streptomycin (100 μg/ml), at 37 °C with a 5% CO2 atmosphere in a humidified 

incubator. Culture medium was changed every other day and 70% confluent cells were 

used for experiments.

2.3. Preparation of tobacco cigarette smoking extract

Tobacco smoking extract was prepared from conditioned 3R4F Kentucky research grade 

cigarettes (Center for Tobacco Reference Products, University of Kentucky, USA) according 

to the Massachusetts Intense Regimen [29; 31]. Four cigarettes were sequentially bubbled 

into 15 ml of phosphate buffered saline (PBS). The TSE pH was corrected to 7.4 and a 

1:10 (v/v) diluted aliquot was used to measure the absorbance at 320 nm, using a UV-VIS 

spectrophotometer (Molecular Devices, CA). TSE preparations with an absorbance of 0.5 in 

a 1:10 (v/v) diluted aliquot were considered as 100% stocks and then diluted with low serum 

medium as needed. TSE was freshly prepared and used within 15 minutes.

2.4. Cell viability assay

XTT (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide) (NB12, 

VWR Life Science, Radnor, PA) was used to measure cellular metabolic activity, which 

reflects the number of viable cells, and thus provides information on cytotoxicity and the 

inhibition of cell growth. This colorimetric assay is based on the reduction of the yellow 

Mahgoup et al. Page 3

Nitric Oxide. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tetrazolium salt to an orange formazan dye by metabolically active cells. Cells were grown 

in 96-well plates, incubated in a humidified atmosphere at 37 °C for 24 hours to reach 

~ 70 % confluency and then exposed for 4, 24 or 48 hours to serial dilutions from TSE 

(0.0625, 0.125, 0.25, 0.5, 1, 2, 4 and 8%). At the end of the treatment period, medium 

was removed, cells were incubated with 200 μl/well of 0.25% XTT solution containing 1% 

10 mM phenazine methosulfate (PMS) for 2 hours. Absorbance was measured at 450 nm 

using a SpectraMaxplus 384 Microplate Reader (Molecular Devices, Hampton, NH). The 

cell viability was expressed relative to that of untreated control cells.

2.5. Preparation of NO stock solution

NO solution was prepared from NO gas as described previously [24; 25; 32]. Firstly, NO 

gas was scrubbed by passage through a U-shaped tube containing NaOH pellets and then 

through 1 M deaerated (bubbled with 100% argon) NaOH solution in a custom-designed 

apparatus connected using only glass or stainless-steel tubing and fittings. Secondly, the 

purified gas was collected by saturating a deaerated buffer solution (0.2 M potassium 

phosphate, pH 7.4) contained in a glass sampling flask (Kimble/Kontes, Vineland, NJ) fitted 

with a septum. A gas-tight Hamilton syringe (Hamilton Robotics, Reno, NV) was used for 

anaerobic extraction of NO solution.

2.6. Measurements of NO metabolism rate

Measurements were performed in a four-port water-jacketed electrochemical chamber 

(NOCHM-4, WPI, Sarasota, FL) at 37 °C in air-equilibrated buffer as described previously 

[24; 33]. Briefly, two Clark-type NO electrodes (ISO-NOP, WPI, Sarasota, FL) were 

inserted through two ports on the side wall of the chamber for measuring the rate of NO 

metabolism. An O2 electrode (ISO-OXY-2, WPI, Sarasota, FL) was placed through another 

port on the side wall of the chamber for continuously monitoring O2 level, which was 

maintained at ~ 200 μM through passing purified air over the head space of the chamber. 

Measurements were done at 37 °C in air-equilibrated buffer continuously stirred with a 

magnetic stir bar. The rate of NO decay in the buffer solution was measured before adding 

the VSMCs into the solution following injection of NO to achieve an initial concentration 

of 1.0 μM using a 10 μl gas-tight Hamilton syringe. The NO electrode reads a given 

current that is proportional to the concentration in solution. This is calibrated before the 

experiment with known concentrations of NO. The rate of NO decay is determined from 

the derivative of the observed current over time with the initial decay rate measured after 

the initial peak. The delay in observing the peak after bolus addition of NO is due to the 

time required for mixing and the response time of the platinum electrode. Time 0 of the 

electrode reading [NO]0 is defined at the time of this initial peak with a value of 1 assigned 

and decay from this value measured over time [22; 33]. The rate of NO decay was detected 

in non-exposed and exposed cells. Normal VSMCs untreated or treated with TSE 1.0% for 

4, 24 and 48 hours were assayed for NO decay in the absence or presence of the superoxide 

dismutase mimetic (SODm), MnTBAP [Mn(III)tetrakis(4-benzoic acid)porphyrin], 100 μM 

(sc-221954, Santa Cruz Biotechnology Inc., Santa Cruz, CA) [29]. Untreated and 1% TSE 

treated for 48 hours, scrambled siRNA (Scr-RNA) and Cygb siRNA treated VSMCs were 

also assayed for NO metabolism. Cell suspension concentrations in the chamber were fixed 

at 3.5 × 106 cells per ml [22]. In order to obtain the NO decay rate secondary to the VSMCs, 
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the baseline rate of NO decay in the buffer solution was subtracted from the total measured 

decay rate as reported [21; 29; 34].

2.7. Knockdown of Cygb in VSMCs

Aortic VSMCs were transfected with Cygb siRNA (sc-45548, Santa Cruz Biotechnology 

Inc., Santa Cruz, CA) using Lipofectamine RNAiMAX (Invitrogen, Waltham, MA) 

according to the manufacturer’s recommendations. Briefly, Lipofectamine RNAiMAX was 

mixed gently with antibiotic-free Opti-MEM medium (Invitrogen, Waltham, MA) in a ratio 

of 6 μl:100 μl for each 1 ml growth medium followed by incubation at room temperature 

for 5 minutes. An aliquot of Cygb siRNA was mixed with the Lipofectamine RNAiMAX/

Opti-MEM mixture to reach a final concentration of 100 nM. Following incubation at 

room temperature for 30 minutes, 1 ml of mixture was added to a separate 150 × 25 mm 

culture plate containing VSMCs exponentially growing in 9 ml of antibiotic-free Opti-MEM 

medium. Cygb siRNA and the corresponding Scr-RNA-transfected cells were incubated 

at 37 °C in a 5% CO2-humidified incubator. Seven hours later, Opti-MEM medium was 

changed to RPMI 1640 complete medium to provide essential nutrients and growth factors 

for optimal growth and cell survival. Forty-eight hours post transfection, the cells were 

collected or treated with TSE 1.0% for further studies, and protein expression was evaluated 

by Western blotting.

2.8. Western blotting

Exponentially growing cells were exposed to 1.0% TSE for 4, 24 or 48 hours. Whole-

cell protein extracts from harvested cells were prepared using ice-cold lysis RIPA buffer 

containing 20 mM Tris-HCl (pH 6.8), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 

1% NP40, 1% Na-deoxycholate, and protease/phosphatase inhibitor cocktail (Roche, 

Mannheim, Germany). Protein concentration was determined using a Bio-Rad DC protein 

assay kit (Bio-Rad Laboratories, Hercules, CA). Equal protein amounts of cell lysate were 

separated on a gradient 4–20% SDS- polyacrylamide gel and electro-blotted on PVDF 

membranes (Bio-Rad Laboratories Inc., Hercules, CA). The membranes were blocked 

with 5% non-fat dry milk in Tris buffered saline-tween 20 (TBST) (Bio-Rad Laboratories 

Inc., Hercules, CA) for 1 hour at 37 °C and then incubated overnight at 4°C with 

primary antibodies. The following primary antibodies were used: rabbit polyclonal anti-

Cygb (diluted 1:500) (PA5–75671, Invitrogen, Waltham, MA), rabbit polyclonal anti-B5R 

(1:1500) (10894-AP, Proteintech Inc., Rosemont, IL), rabbit polyclonal anti-B5 (1:200) 

(sc-33174, Santa Cruz Biotechnology Inc., Santa Cruz, CA), and rabbit monoclonal anti-B-

actin (1:1000) (8457S, Cell Signaling Technology Inc., Danvers, MA). All antibodies were 

validated for specificity using dual color molecular weight markers (Bio-Rad Laboratories 

Inc., Hercules, CA). Membranes were then washed three times in TBST and incubated 

with horseradish peroxidase (HRP)-linked anti-rabbit secondary antibody (1:2000) (7074P2, 

Cell signaling technology Inc., Danvers, MA) in 1% milk/TBST for one hour at 

room temperature followed by washing with TBST. The Bio-Rad ECL western blotting 

detection reagent (Clarity MaxTM Western ECL, Hercules, CA) was used to develop the 

membranes. Protein expression was captured and analyzed by a high-resolution KwikQuant 

Imager Molecular Imager and KwikQuant Image manager software, respectively (Kindle 

Biosciences LLC., Greenwich, CT).
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2.9. Measurement of O2
•− generation

VSMCs were cultured on sterile cover slips in a 6-well plate at a density of 2 × 105 

cells/well and incubated in a humidified atmosphere at 37 °C and 5% CO2 for 4, 24 or 

48 hours. Cells were unexposed or exposed to 1.0% TSE, washed with PBS and incubated 

with the probe dihydroethidium (DHE; 10 μM) and the nuclear stain 4′,6-diamidino-2-

phenylindole dihydrochloride (DAPI; 1 μM) in the dark, for 30 min at 37 °C. DHE-derived 

fluorescence was used to determine O2
•− generation. Preincubation with or without the 

SODm (MnTBAP, 100 μM) for 15 minutes before DHE, was performed to confirm 

that the observed fluorescence was derived from O2
•− [31]. Stained cells on cover slips 

were rinsed extensively with PBS, mounted in antifade mounting medium Fluoromount-G 

(Southern Biotechnology Associates, Birmingham, AL), and coverslipped. Different fields 

were captured at 40x using an Olympus FV3000 spectral confocal microscope (Tokyo, 

Japan). The fluorescence intensity of the images was analyzed using the software provided 

by the manufacturer.

2.10. Statistical analysis

Data are presented as means ± SE. Statistical analysis was performed using one-way 

analysis of variance (ANOVA) followed by a Tukey-Kramer test. GraphPad Prism software, 

version 8 (GraphPad, San Diego, USA), was used to compute statistical data. Statistical 

differences were considered significant from control at p < 0.05.

3. Results

3.1. Dose-dependence of TSE–induced cell injury and death.

Cell viability following TSE exposure was performed by XTT assay to determine the 

optimal TSE concentrations and exposure times to be used for further studies. The viability 

of the VSMCs decreased in a TSE concentration and time dependent manner (Fig. 1). 

Significant reduction in cell viability was first observed with 2.0% TSE after 24 and 48 

hours of exposure with values of 80 ± 3 % and 64 ± 4 %, respectively. With 4.0 % and 8.0% 

TSE, further decreases in cell viability were seen at 24 hours (65 ± 3 % and 54 ± 3%) and 48 

hours (53 ± 3 % and 45 ± 3 %), respectively. However, only 8.0% TSE showed a significant 

decrease in cell viability after four hours treatment. Based on these cell viability studies, 

1.0% TSE was selected for use in the subsequent studies, in order to minimize induction of 

cell death.

3.2. TSE increases the rates of NO metabolism by VSMCs.

In order to assess the effect of TSE exposure on NO metabolism, we measured the rate of 

NO decay in TSE-treated VSMCs. As seen in Figure 2A and D, treatment of VSMCs with 

1.0 % TSE for 4 hours resulted in a significant increase in NO consumption rate from 11.6 

± 0.6 nMs−1 in control untreated VSMCs to 15.4 ± 0.6 nMs−1 (p < 0.02). After 24 hours 

of exposure, TSE-treated VSMCs showed further marked increase in NO decay rate to 19.2 

nMs−1, while the untreated cells exhibited a rate of 11.4 nMs−1 (p < 0.001) (Fig. 2B, E). 

Further increase was seen following 48 hours of TSE-treatment with NO decay rate of 27.9 

nMs−1 compared to 10.8 nMs−1 in the untreated cells (p < 0.001) (Fig. 2C, F). Thus, TSE 
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exposure triggered an increase in the rate of NO metabolism that increased with the time of 

exposure.

Additional experiments were performed in the presence of a SODm in order to determine the 

role of O2
•− in the TSE-induced increase in NO decay rate. In the presence of the SODm, 

the increase in the rate of NO decay after 4 hours of exposure was largely, 76%, reversed 

(Fig. 2 A, D). However, with the much larger increases in NO metabolism rates seen after 24 

or 48 hours of TSE treatment, only modest 25% or 18%, respective decreases were seen with 

the SODm (Fig. 2 B,C, E, F). Thus, with only 4 hours of exposure the reaction of NO with 

O2
•− accounted for most of the TSE-induced increase in NO metabolism rate, while with 

longer exposures of 24 to 48 hours most of NO metabolism was not O2
•− -mediated but due 

to induction of another process.

3.3. TSE exposure increases cellular superoxide generation in VSMCs.

Generation of O2
•− was measured in freshly collected VSMCs from TSE-treated and 

untreated VSMCs using the fluorescence probe DHE (Fig. 3A, B). DHE reacts with O2
•− 

to form 2-hydroxyethidium with characteristic red fluorescence [35]. After four hours 

exposure, TSE-treated VSMCs clearly exhibited higher O2
•− generation with fluorescence 

intensity 2.7-fold of that in untreated cells. After 24 hours of treatment, O2
•−-derived 

fluorescence further increased to values 3.6 -fold those in matched untreated cells and with 

treatment for 48 hours a larger 5.8 -fold increase was seen (Fig. 3B). The specificity of the 

observed fluorescence was confirmed by measurements with pre-incubation with SODm, 

which largely abolished the red fluorescence (Fig. 3A, right panel).

3.4. TSE increases Cygb expression in VSMCs.

As was seen in figure 2 above, with 4 hours of TSE-treatment the process of accelerated 

NO decay was reversed by addition of the SODm suggesting a role of O2
•−, while after 

24 or 48 hours the rate of NO decay further increased and became independent of SODm 

treatment. This suggests that another NO metabolizing process is increased such as that 

through NO dioxygenation. Therefore, we investigated whether Cygb expression changes 

following TSE-treatment. As shown in Fig. 4A and B, no significant alteration in Cygb 

expression occurred with 4 hours TSE-treatment, compared to untreated cells. However, 

after 24 hours treatment a clear increase in the cellular Cygb expression to 210 ± 6 % of 

basal levels was seen, p <0.001, with further increase to 340 ± 7 % of basal levels after 48 

hours, p <0.001, (Fig. 4 A, B). Thus, after 24 hours of TSE-treatment, the higher Cygb levels 

would be expected to contribute to the increased NO metabolism rates observed and even 

more to the increase seen after 48 hours.

3.5. TSE increases expression of B5R and B5 in VSMCs.

Since the NOD activity of Cygb requires the presence of its reducing system, we assessed 

if the cellular expression of B5R and B5, which have been recently identified as the major 

reducing system for Cygb in VSMCs, were also increased [22; 36]. As shown in Fig. 5A and 

B, treatment with TSE for 24 hours increased the expression of B5R to 230 ± 5 % of that in 

untreated control VSMCs, p <0.005. Additionally, with extending TSE treatment duration to 
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48 hours a further increase to 350 ± 9 % of untreated control was seen, p <0.001, compared 

to the respective untreated cells.

For B5, western blotting similarly exhibited increased expression to 240 ± 6 % of basal 

levels after 24 hours treatment with TSE, p <0.005, and further increased to 321 ± 8 % of 

basal levels after 48 hours, p <0.001, (Fig. 5A, C). Thus, we observe similar upregulation 

of Cygb expression along with its B5R/B5 reducing system and together this would account 

for the large increase in Cygb-mediated NO metabolism seen following 24 or 48 hours of 

TSE-exposure.

3.6. Cygb knockdown largely reverses the increased rate of NO metabolism induced by 
TSE.

Since TSE treatment increased the expression levels of Cygb and this was associated with 

an increase in the rate of NO metabolism, we performed further experiments to test the 

effect of genetic knockdown (KD) of Cygb expression using siRNA. First experiments were 

performed in control VSMCs that were either maintained untreated or transfected with either 

Cygb siRNA (Cygb-KD) or non-specific scrambled RNA (Scr-RNA).

We evaluated the effectiveness of Cygb knockdown by immunoblotting. As shown in 

Fig. 6A and B, Cygb siRNA-treated cells showed a marked, over 90%, reduction in 

Cygb expression compared to scrRNA treated cells. In addition, Cygb knockdown greatly 

decreased the rate of NO metabolism in siRNA-treated VSMCs by ~80%, compared to that 

measured in corresponding scrRNA VSMCs or control non-transfected cells (Fig. 6C, D). 

Thus, in the basal state Cygb profoundly influences the rate of NO decay.

Then, we performed experiments to determine the effect of siRNA-mediated Cygb 

knockdown on the increased rate of NO decay induced by TSE treatment. In cells not 

treated with TSE, Cygb knockdown decreased the rate of NO metabolism by ~ 75 – 80% 

compared to the corresponding ScrRNA VSMCs, p < 0.001 (Fig. 7 A, B). Furthermore in 

TSE-treated cells, where the rate of NO decay was increased to 2.8-fold that in the control 

or ScrRNA-treated cells, Cygb knockdown reduced the NO decay rate by ~4-fold, p < 0.001, 

to a value below that observed in control or ScrRNA cells that were not TSE-treated (Fig. 

7 A, B). In addition, knockdown of Cygb expression provided an even larger decrease in 

the NO metabolism rate in TSE-treated cells than that in TSE-untreated cells consistent 

with the higher expression of Cygb observed in the TSE-treated cells (Fig. 7B). Thus, these 

results confirm that upregulation of Cygb expression accounts for the large increase in the 

NO decay rate observed after 48 hours of TSE exposure with downregulation of Cygb 

expression largely reversing the increased rate of NO decay induced by TSE exposure.

3.7. Role of superoxide in the TSE-induced increase in NO decay rate in Cgb depleted 
VSMCs.

With Cygb knockdown the rate of NO decay greatly decreased; however, it still remained 

2.4-fold higher in TSE exposed than in untreated cells, p < 0.01, suggesting that in addition 

to Cygb-mediated NO dioxygenation, other processes such as increased O2
•− generation also 

contribute to increase the NO decay rate (Fig. 8). In order to further investigate the role 

of O2
•− in the TSE exposure-induced increase in NO decay rate seen in Cygb knockdown 
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cells, experiments were performed in the presence of the SODm. With the SODm, the NO 

metabolism rate in these cells exposed to TSE for 48 hours was decreased ~2.4-fold to 

values similar to those observed in untreated cells (Fig. 8). The effect of the SODm was 

much more prominent in the TSE exposed Cygb knockdown cells than that observed in the 

similar experiments in control cells of figure 2, due to the lower overall rate of NO decay 

as well as the larger decrease in this rate with the SODm. With Cygb knockdown, SODm 

treatment decreased the rate of NO decay by 5.2 nMs−1, almost twice the change seen in 

similarly exposed control cells (Fig. 2). Thus, this data suggests that while Cygb depletion 

greatly decreased the overall NO decay rate, it may increase the levels of O2
•− present in 

TSE-exposed VSMCs.

In order to determine the effects of Cygb-KD on O2
•− production in TSE-treated cells, 

Cygb-KD and scrRNA treated VSMCs were exposed to TSE for 48 hours, with or 

without pre-incubation with SODm and then incubated with DHE. While untreated cells 

exhibited only minimal DHE-derived fluorescence, with TSE-exposure higher levels of O2
•− 

production were seen in the Cygb knockdown cells than in identically treated scrRNA cells 

with ~2-fold higher fluorescence intensity (Fig. 9 A,B). The specificity of the observed 

fluorescence was confirmed by pre-incubation with SODm, which abolished the observed 

fluorescence.

4. Discussion

We have previously shown that Cygb is the major NO metabolizing protein in VSMCs 

and plays a crucial role in regulating vascular tone and blood pressure through its control 

of NO metabolism [13; 24]. Cygb is a potent NO dioxygenase exerting oxygen-dependent 

regulation of NO levels in the vascular wall [13; 21; 24]. While this critical function was 

identified under normal physiological conditions, the role of Cygb in different settings 

of vascular pathology remains unclear. Although TCS is a major cardiovascular disease 

risk factor, its effect on NO metabolism in vascular smooth muscle was not previously 

characterized. The current study examines how Cygb in VSMCs responds to TSE exposure 

and provides the first evidence for a critical role of Cygb in the elevated rates of NO 

decay observed following TSE. We observe that following exposure to tobacco cigarette 

constituents, over 3-fold up-regulation of Cygb expression occurs with parallel upregulation 

of its major reducing system, B5/B5R. These findings provide the first identification of the 

major role of this novel globin in smoking induced smooth muscle cell dysfunction.

Tobacco cigarette smoking is well known to cause potent oxidative stress and secondary 

inflammation triggering the pathogenesis of CVD [30; 31; 37]. This in turn causes the 

depletion of NO levels within the vasculature, thereby impairing vasodilatory responses, 

inducing vascular dysfunction leading to CVD. TCS has been shown to decrease the 

expression and activation of eNOS, diminishing de novo synthesis of NO [29; 30; 38]. 

Moreover, TCS-generated ROS depletes BH4, an essential cofactor for eNOS function, 

resulting in eNOS uncoupling, which further depletes NO by generating O2
•− [5; 29]. Given 

the major role of Cygb in regulating intravascular levels of NO [13; 24], the large increase 

in Cygb expression in VSMCs following TSE exposure could also serve an important role in 

the development of TCS-induced vascular dysfunction.
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In our studies, we utilized an in vitro model for TSE exposure in VSMCs in which we 

observed that TSE enhances the cellular rate of NO metabolism. This was accompanied 

by increases in the expression of both Cygb and its B5/B5R reducing system that were 

first detected after 24 hours of TSE exposure, with a further increase seen with 48 hours 

of exposure, to levels ~3.5-fold higher than those in untreated cells. This observation is 

consistent with a prior report that exposure to side-stream TCS increases Cygb gene and 

protein expression in rat heart, brain, and lung tissue [39]. Alterations in Cygb expression 

have also been previously detected in response to different pathological insults. For example, 

Cygb in neuroblastoma cells was upregulated following exposure to hydrogen peroxide, 

where it conferred protection against oxidative stress [40]. Moreover, in a vascular injury 

model, Cygb levels gradually increased exerting protective effects via regulating neointima 

formation and inhibiting apoptosis during vascular injury [34; 36]. In these pathological 

models, Cygb exerted an adaptive response to the external insult. While Cygb acts as the 

main NOD in the vascular wall, the effects of TSE on Cygb and its NO metabolism in 

VSMCs were not previously characterized.

The Cygb-mediated process of NO dioxygenation occurs with reduction of CygbFe3+ to 

CygbFe2+ by a cellular reducing system, followed by O2 binding to form CygbFe2+-O2, 

which rapidly oxidizes NO to nitrate, with its conversion back to CygbFe3+ [21; 25; 41]. 

Notably, sustained Cygb NOD activity depends on an efficient Cygb reducing system, to 

recycle ferric-Cygb to the ferrous state [13; 22; 24], and in turn activate O2-dependent NO 

metabolism within the vascular wall. Although several cellular reducing systems, including 

ascorbate, cytochrome P450 reductase, and B5/B5R have been proposed to support Cygb 

reduction, the latter has been recently demonstrated to function as the main Cygb reducing 

system within the vasculature [22].

In the current study, we observed that the increased expression of Cygb was accompanied 

by comparable upregulation in the expression of B5 and B5R, indicating their availability to 

support the higher rates of Cygb reduction and NO dioxygenation. Our data are in line with 

multiple recent studies that have reported the importance of the B5/B5R reducing system to 

maintain the NOD function of Cygb, and its role as the major pathway controlling vascular 

NO metabolism [13; 24; 36]. The B5/B5R system has several roles in cellular physiology 

as it catalyzes the redox reactions between NADH and a variety of acceptor molecules 

[42]. In red blood cells, it serves to reduce hemoglobin, maintaining it in the ferrous state 

allowing it to bind oxygen [42; 43]. Similarly in skeletal and cardiac muscle it maintains 

the ferrous state of myoglobin [44; 45]. Several studies have reported that B5R is induced 

by oxidative stress to maintain the antioxidant activity of several endogenous antioxidants, 

including coenzyme Q, α-tocopherol, and ascorbate [46; 47]. Since TCS is a major inducer 

of oxidative stress, the marked increase in B5 and B5R levels in TSE treated cells might be 

triggered by TCS-induced oxidative stress.

With the major increases in the expression of Cygb and its reducing system observed 

following TSE exposure, one would expect that the rate of cellular NO dioxygenation 

in the vascular smooth muscle would also be increased. We observed that the rate of 

NO metabolism by VSMCs was increased in a TSE treatment duration-dependent manner 

(Fig. 10). Interestingly, we initially observed that with short TSE-exposure periods of 4 
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hours, administration of an SODm, largely reversed the accelerated NO decay indicating 

the primary role of O2
•− in the initial increase in NO decay rate. However, after 24 or 

48 hours of TSE-exposure, the rate of NO decay further increased and this increase in 

rate was only modestly decreased by SODm treatment. This suggests that another NO 

metabolizing process increased such as enzyme-mediated NO dioxygenation. Consistent 

with this, following 4 hours of TSE exposure Cygb expression was not significantly 

altered, while after 24 hours exposure Cygb expression was clearly increased, with further 

increase to 3.5-fold of basal levels following 48 hours of exposure. This increase in Cygb 

expression paralleled the increases observed in NO metabolism rates (Fig. 10). Furthermore, 

knockdown of Cygb markedly blunted the increase in NO decay rate in response to 

TSE treatment with ~ 80% reduction, confirming the role of Cygb in mediating the TSE-

induced increase in NO consumption by VSMCs. In line with this, we previously showed 

that down-regulation of Cygb prevented angiotensin II-induced vascular dysfunction and 

systemic hypertension in mice [24]. Thus, the current study is consistent with prior work 

demonstrating that Cygb has a pivotal role in regulating intravascular levels of NO [13; 24]. 

With the major increase in Cygb expression with TSE exposure in VSMCs, increased rates 

of NO metabolism occur which would be expected to contribute to TSE-induced vascular 

dysfunction [30; 37].

With TSE exposure times of 24 or 48 hours, while increased O2
•− generation was observed, 

the SODm had only a small effect on lowering the NO decay rate. This may be attributed to 

the large increase in Cygb expression with these exposure times, along with its antioxidant 

activity that together would intrinsically provide increased ability to metabolize O2
•−. It has 

been recently discovered that Cygb has potent SOD activity [48]. Therefore, its increased 

expression in VSMCs would enhance O2
•− dismutation so that addition of the SODm would 

provide limited additional benefit. While Cygb would contribute to O2
•− degradation in the 

VSMCs, elevated production of O2
•− compared to the control untreated cells would still be 

observed if there is only partial scavenging due to the relative concentrations of Cygb and 

the detection probe, as well as the effect of compartmentalized O2
•− production at sites were 

Cygb is not present. As Cygb expression is largely confined to the cytosol [20; 21; 24], 

while O2
•− generation can occur at a variety of membrane and organelle sites, only partial 

quenching may occur. Consistent with a role of Cygb in partial quenching of O2
•−, in Cygb 

knockdown cells exposed to TSE for 48 hours, higher O2
•− production was observed than 

in matched Scr-RNA treated cells. With Cygb knockdown, SODm treatment had almost a 

two-fold larger effect on decreasing the rate of NO decay and it abolished the TSE-induced 

increase. This suggests that in addition to NO dioxygenation by Cygb, increased O2
•− 

generation also contributes to increase the rate of NO decay. Thus, with longer exposure 

times Cygb-mediated NO dioxygenation is the major process of NO degradation; however, 

O2
•− -mediated NO degradation also occurs and is more prominent with abrogation of Cygb 

expression.

The upregulation of Cygb expression together with its reducing system, which occurred 

following TSE exposure, might be a compensatory response to TSE-induced oxidative 

stress. There is increasing evidence that Cygb has important antioxidant properties [40; 48; 

49; 50; 51]. This is in line with results of the current study that, TSE induces exposure 

duration-dependent oxidative stress reflected by a significant increase in O2
•− generation in 
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TSE-exposed VSMCs, confirming previous findings from our group and others [29; 30; 31; 

52]. Nevertheless, while Cygb can exert antioxidant function in a variety of cells and tissues, 

its NOD function in vascular smooth muscle uniquely contributes to vascular dysfunction 

with loss of NO bioavailability [53; 54]. Thus, in considering therapeutic approaches to 

reverse tobacco smoking-induced or other CVD, selective targeting inhibition of the NOD 

function of Cygb may be more beneficial than abrogation of its expression.

Over the last decade there have been major therapeutic efforts aimed at increasing 

endothelial-derived NO synthesis by enhancing eNOS activity via antioxidants/antioxidant 

enzymes, cofactor supplements, or direct eNOS activators; however, these failed to show 

clinical benefit [55; 56]. Increasing the synthesis of NO in face of greatly increased 

processes of NO degradation may be insufficient to prevent disease. Therefore, in view 

of the observations of the current work and related prior studies, increased focus should be 

directed at enhancing NO bioavailability in the vascular smooth muscle through inhibition 

of the processes of NO decay. Indeed, interventions to modulate Cygb expression and 

NOD function offer a promising new approach to modulate vascular tone, reverse vascular 

dysfunction and prevent CVD.

In conclusion, we provide the first demonstration that TSE-treatment triggers a major 

increase in Cygb-mediated NO metabolism in vascular smooth muscle cells. This was due 

to upregulation in the expression of Cygb and its B5/B5R reducing system. Knockdown 

of Cygb reversed this TSE-mediated increase in NO metabolism. Therefore, selective 

modulation of Cygb expression or its NOD function represents a promising target for 

treatment of tobacco smoking-induced and other cardiovascular disease.

Acknowledgements

This work was supported by National Institutes of Health/National Heart, Lung, and Blood Institute grants 
R01HL131941 and R01HL135648 to JLZ. EMM was supported in part by a graduate fellowship from the Egyptian 
Ministery of Education. We thank Dr. Tamer Abdelghany for his assistance with EMM’s initial training at The 
Ohio State University, and thank Dr. Gouda K. Helal and Dr. Adel R. Abd-Allah, professors at the Department of 
Pharmacology & Toxicology, Al-Azhar University, Egypt for their role in facilitating EMM’s fellowship.

List of abbreviations:

TCS tobacco cigarette smoking

TSE tobacco smoke extract

CVD cardiovascular disease

O2
•− superoxide

NO nitric oxide

NOD nitric oxide dioxygenase

Cygb cytoglobin

sGC soluble guanylate cyclase

Mahgoup et al. Page 12

Nitric Oxide. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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Highlights

Cytoglobin controls nitric oxide (NO) metabolism through NO dioxygenation.

Tobacco smoking exposure induces loss of vascular NO; however, the cause was 

unknown.

Vascular smooth muscle cell exposure first triggered increased superoxide generation.

This was followed by induction of cytoglobin and the B5/B5R reducing system.

Together, this greatly increased the rate of NO decay in vascular smooth muscle cells.
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Figure 1: Effect of TSE exposure on cell viability:
VSMCs were grown to 70% confluency, exposed for 4, 24 and 48 hr to different 

concentrations of Tobacco smoke extract (TSE) and then cell viability was assayed, 

compared to corresponding control untreated cells, using the XTT assay. Each value 

represents the mean of four independent experiments ± SEM. *: Denotes significant 

difference from untreated control at p < 0.05.
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Figure 2: Effects of TSE on NO metabolism by VSMCs.
VSMCs cells were either untreated (UT) or treated with 1% tobacco smoke extract (TSE) 

for 4, 24 and 48 hr and then harvested for measurement of nitric oxide (NO) metabolism, 

with or without pre-incubation with SOD mimetic (SODm). A, B, and C, show the time 

course of NO decay after VSMCs treatment with TSE for 4, 24 and 48 hr, respectively. 

Values are shown as the ratio of the [NO] measured over time to the initial peak value, 

[NO]0. A cell density of 3.5 × 106 VSMCs per ml was used in all groups. NO was injected 

into the solution to achieve an initial concentration of 1 μM. D, E and F, show the mean 

Mahgoup et al. Page 19

Nitric Oxide. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



± SEM of the NO metabolism rate (VNO) measured from 4–5 independent experiments. 

VNO was detected in VSMCs after 4, 24 and 48 hr of exposure, respectively. *: Denotes 

significant difference from untreated control at p < 0.05. #: Denotes significant difference 

from TSE-treated group in presence of SODm p < 0.05.
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Figure 3: Effect of TSE on superoxide generation in VSMCs.
Confluent cells were tobacco smoke extract (TSE)-untreated (UT) or treated with 1% of 

TSE for 4, 24 and 48 hr, with or without pre-incubation with SOD mimetic (SODm) and 

then incubated with DHE and DAPI and imaged by confocal fluorescence microscopy. A, 

representative images of VSMCs for each group, following 4, 24 and 48 hr of exposure. TSE 

+ SODm is shown for 48 hr exposure. B, quantitation of fluorescence intensity in VSMCs 

from repeat experiments performed as in A. Data are means ± SEM of 4–5 independent 

experiments. *: Denotes significant difference from exposure time matched untreated control 

at p < 0.001. #: Denotes significant difference from TSE treated value at 4 hr at p < 0.01.
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Figure 4: Effects of TSE on Cygb expression in VSMCs.
Cells were treated with 1% tobacco smoke extract (TSE) for 4, 24 and 48 hr and then 

whole cell lysate was blotted against Cytoglobin (Cygb) and β-actin antibodies. A, western 

blots for Cygb and β-actin in VSMCs, after treatment with TSE for 4, 24 and 48 hr. B, 

quantitation of Cygb expression from densitometry of the observed bands normalized for 

the β-actin loading control. Data shown are means ± SEM of 4 independent experiments. 

*: Denotes significant difference from untreated control at p < 0.001; #: Denotes significant 

difference from the TSE treated value at 4 hr at p < 0.001.
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Figure 5: Effects of TSE on B5R and B5 expressions in VSMCs.
Confluent cells were treated with 1% tobacco smoke extract (TSE) for 24 and 48 hr and 

then whole cell lysate was blotted against cytochrome b5 reductase 3 (B5R), cytochrome 

b5 (B5) and β-actin antibodies. A, western blots for B5R, B5 and β-actin expressions in 

VSMCs, after treatment with TSE for 24 and 48 hr. B, quantitation of B5R expression 

from densitometry of the bands in VSMCs, after treatment with TSE for 24 and 48 hr. C, 

quantitation of B5 expression from densitometry of the bands in VSMCs, after treatment 

with TSE for 24 and 48 hr. The band intensities were normalized for β-actin levels. Data 
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shown are means ± SEM of at least 4 independent experiments. *: Denotes significant 

difference from TSE-untreated control (UT) at p < 0.005; #: Denotes significant difference 

from 24 hr TSE treatment at p < 0.01.
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Figure 6: Effect of Cygb-knockdown on NO metabolism by VSMCs.
Cells were treated with Cytoglobin (Cygb) siRNA or scrambled RNA (ScrRNA) and then 

harvested for immunoblotting and measurement of nitric oxide (NO) metabolism. A, B, 

western blots and quantitation for Cygb and β-actin in control (CT), ScrRNA and Cygb-

siRNA treated (Cygb-KD) VSMCs, respectively. C, the measured NO concentration over 

time after addition of NO in control, Scr-RNA and Cygb-KD treated VSMCs. D, shows 

the mean ± standard error of the NO metabolism rate (VNO), detected in control, Scr-RNA 

and Cygb-KD treated VSMCs, represented as % of the value in control cells. Each value 

represents the mean of 4–5 independent experiments ± SEM. A cell density of 3.5 × 106 

VSMCs per ml was used in all groups. NO was injected as in figure 2. *: Denotes significant 

difference from control at p < 0.001.
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Figure 7: Effect of Cygb knockdown on NO metabolism by TSE-exposed VSMCs.
Control non-transfected (CT), Scr-RNA pretreated and Cygb-siRNA pretreated (Cygb-KD) 

cells were untreated (UT) or treated with 1% tobacco smoke extract (TSE) for 48 hr and 

then harvested for measurement of nitric oxide (NO) metabolism. A, NO metabolism was 

measured as in Figure 2. Cell density of 3.5 × 106 VSMCs per ml was used in all groups. 

B, the mean ± standard error of the NO metabolism rate, VNO, from repeat experiments 

performed as in A. Values are shown for UT and TSE treated CT, Scr-RNA and Cygb-KD 

VSMCs with values depicted as % of untreated CT. Similar to figure 2, VNO in untreated 
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cells was 10.9 ± 0.5 nMs−1. Each value represents the mean of 4–5 independent experiments 

± SEM. *: Denotes significant difference from the UT control cells at p < 0.01. #: Denotes 

significant difference of each type of TSE-treated cells with respect to the corresponding 

untreated cells at p < 0.01.
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Figure 8: Effect of SODm on the TSE-induced increase in NO metabolism rate in Cygb-KD 
VSMCs.
Cygb-siRNA pretreated (Cygb-KD) cells were either untreated (UT) or treated with 1% 

tobacco smoke extract (TSE), in the presence or absence of the SODm, for 48 hr and then 

harvested for measurement of NO metabolism, VNO, measured as in Figure 2. Cell density 

of 3.5 × 106 VSMCs per ml was used in all groups. Each value represents the mean of 4 

independent experiments ± SEM. *: Denotes significant difference from the UT control cells 

at p < 0.001. #: Denotes significant difference from TSE-treated cells pre-incubated with 

SODm at p < 0.001.
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Figure 9: Effect of Cygb-KD on O2
•− production in VSMCs.

Confluent cells were treated with 1% of TSE for 48 hours, with or without pre-incubation 

with SODm and then incubated with DHE and DAPI and visualized by confocal 

fluorescence microscope. A, representative images of VSMCs from untreated (UT) and TSE 

treated Cygb knock down (Cygb-KD) or control scr-RNA treated VSMCs. B, quantitation of 

fluorescence intensity in VSMCs from a series of repeat experiments. Data shown are means 

± SEM of 4 independent experiments. *: Denotes significant difference from corresponding 

untreated VSMCs at p < 0.001. #: Denotes significant difference of TSE-treated cells with 

respect to the corresponding Scr-RNA-treated cells at p < 0.001.
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Figure 10. Exposure time-dependent mechanisms by which tobacco smoke constituents increase 
NO metabolism rate.
TSE (tobacco smoke extract) stimulates VSMCs (vascular smooth muscle cells) to 

increase ROS (reactive oxygen species) after 4 hours of exposure. SODm, pre-incubation 

largely blocks this increased NO metabolism with 4 hours of exposure but not after 24 

hours. Longer durations of exposure of 24 or 48 hours progressively increase Cygb and 

also B5/B5R expression. The increased cellular rate of NO metabolism decreases NO 

bioavailability leading to vascular dysfunction.
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