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A B S T R A C T   

Nitric oxide (NO) is a signal molecule and plays a critical role in the regulation of vascular tone, displays anti- 
platelet and anti-inflammatory properties. While our earlier and current studies found that low NO doses trigger 
a rapid heme insertion into immature heme-free soluble guanylyl cyclase β subunit (apo-sGCβ), resulting in a 
mature sGC-αβ heterodimer, more recent evidence suggests that low NO doses can also trigger heme-maturation 
of hemoglobin and myoglobin. This low NO phenomena was not only limited to sGC and the globins, but was also 
found to occur in all three nitric oxide synthases (iNOS, nNOS and eNOS) and Myeloperoxidase (MPO). Inter-
estingly high NO doses were inhibitory to heme-insertion for these hemeproteins, suggesting that NO has a dose- 
dependent dual effect as it can act both ways to induce or inhibit heme-maturation of key hemeproteins. While 
low NO stimulated heme-insertion of globins required the presence of the NO-sGC-cGMP signal pathway, iNOS 
heme-maturation also required the presence of an active sGC. These effects of low NO were significantly 
diminished in the tissues of double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) NOS knock out mice where lung sGC 
was found be heme-free and the myoglobin or hemoglobin from the heart/lungs were found be low in heme, 
suggesting that loss of endogenous NO globally impacts the whole animal and that this impact of low NO is both 
essential and physiologically relevant for hemeprotein maturation. Effects of low NO were also found to be 
protective against ischemia reperfusion injury on an ex vivo lung perfusion (EVLP) system prior to lung trans-
plant, which further suggests that low NO levels are also therapeutic.   

1. Introduction 

Ever since its benchmark discovery, nitric oxide (NO) has thus far 
been known to play important functional roles in a variety of physio-
logical systems [1]. NO is a signal molecule and plays a critical role in 
the regulation of vascular tone, and within the vasculature NO induces 
vasodilation [2–5], inhibits platelet aggregation [4,6–9], displays 
anti-inflammatory properties [10], prevents neutrophil/platelet adhe-
sion to endothelial cells [11], inhibits smooth muscle cell proliferation 
and migration [12], regulates apoptosis and endothelial cell barrier 
function [1,12]. NO is produced by many cell types in the body and plays 
important roles in controlling the normal function of cells as well as in 
regulating key processes in the nervous and immune systems. In the 
immune system, NO generated by macrophages acts as an antimicrobial 

agent. High amounts of NO produced by the macrophages is toxic to the 
bacteria or the pathogens and it causes their destruction [13]. However, 
too much NO has also been implicated in conditions where the immune 
system is overactive eg. in diseases like arthritis and the so-called 
autoimmune diseases [14]. Hence the balance between physiological 
to pathophysiological levels of cellular NO can dictate many of the cell 
functions. 

NO generated by NOS enzymes [15–18] or produced by noncanon-
ical means [19], is a central component of the NO-sGC-cGMP signal 
pathway and works by activating the soluble guanylyl cyclase (sGC), an 
obligate heterodimer of an α-subunit (sGCα) and a β-subunits (sGCβ) 
[20–22]. Although much attention has been directed in the last two 
decades to study the physiological effects of NO-cGMP signaling 
[23–27], little is known about its hematologic effects and how this 
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pathway contributes to erythropoiesis [28]. The only known hemato-
logic effects of NO-cGMP signaling have revealed that it is capable of 
stimulating erythropoiesis at the transcriptional level both in vivo and in 
vitro [29]. NO increases cGMP via sGC activation, which increases Hbγ 
(fetal) levels in human erythroid cells [30] whereas inhibition of sGC 
prevents NO-induced increase in Hbγ gene expression [31]. While our 
earlier studies had established a role for chaperon hsp90 to be involved 
in the heme-maturation for adult (β) and fetal (γ) hemoglobin (Hb) [32] 
and for myoglobin (Mb), which also required an active sGC [33], our 
present findings suggest that cellular GAPDH is involved in 
heme-maturation of myoglobin and all three hemoglobins (Hb & Mb) 
[30]. In these studies we established that in all these globin maturation 
events GAPDH acts as a heme chaperon, allocating/providing mito-
chondria generated heme to the apo-Hsp90/AHSP-Hbα/β/γ/Mb com-
plexes [30], where these globin heme maturations are influenced by iron 
provision and magnitude of expression of GAPDH, d-aminolevulinic 
acid, and FLVCR1b [30,34]. Together these finding imply that hsp90 
and GAPDH play key roles in globin maturations and our current studies 
link the activation of sGC to maturation of the globins (Mb/Hb), thereby 
contributing to the formation of a novel NO-sGC-Globin axes. 

NO is an uncharged radical and hence the cell redox milieu leads its 
biological functions [35]. While interactions of NO with marquee 
hemeproteins like soluble guanylate cyclase is known to cause activation 
[36], those with hemoglobin are known to cause scavenging of the NO 
[37–39]. While there are several other facets of NO hemeprotein rela-
tionship which are implicitly stated in the published literature, our 
earlier and current studies found that low NO doses trigger a rapid heme 
insertion into immature heme-free apo-sGCβ1, resulting in mature sGC 
heterodimer [40–42], and more examples of this low NO effect was 
clearly lacking. Whether this low NO phenomena is part of the NO-sGC 
signal pathway activation and whether other hemeproteins like globins 
also undergo such NO driven heme-insertion/maturation were largely 
unidentified. There is evidence that shows that high NO doses can block 
heme-insertion into hemeproteins [43] and there is implicit literature 
stating that proteins like MPO can also have their heme-dependent ac-
tivities regulated by low and high NO levels, suggesting that NO may 
have a dual effect on hemeprotein maturation [44]. However a 
comprehensive study demonstrating the impact of the dual role of NO on 
hemeprotein maturation, including applications to highlight the role of 
low NO as a therapy was needed. In our current study we showcase the 
dual effect of NO in promoting or inhibiting heme-insertion/maturation 
in seven different hemeproteins. We then corroborate the impact of 
endogenous NO on sGC and globin maturations (Hb and Mb) using tis-
sues from NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) knock out 
mice [45]. Finally to demonstrate the efficacy of low NO levels as an 
application towards therapy, we show it to be protective against 
ischemic reperfusion injury of porcine lungs on a ex vivo lung perfusion 
(EVLP) [46–48] system prior to lung transplant. 

2. Material and methods 

Reagents: All chemicals were purchased from Sigma (St. Louis, MO) 
and Fischer chemicals (New Jersey). NO donor, NOC-18 or DETA 
NONOate (2,2ʹ-{Hydroxynitrosohydrazino) bis-ethanamine}), phos-
phodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX), NO in-
hibitor L-NAME (L-Nitro Arginine Methyl Ester), o-Dianisidine for heme- 
staining, sGC stimulator BAY 41–2272 (BAY 41) which is a heme & NO 
dependent sGC activator or BAY 60–2770 (BAY 60), a heme/NO inde-
pendent sGC activator were all purchased from Sigma. Reagents such as 
L-Arginine, Sodium pyruvate, Lactate dehydrogenase (LDH), NADPH, 
flavins (FAD, FMN), Tetrahydrobiopterin (H4B) needed for NOS activity 
assays were also obtained from Sigma. Myc-DDK tagged human hemo-
globin alpha (Hbα), beta (Hbβ), human skeletal muscle myoglobin 
expression construct, Myc-tagged Hbβ and DDK-tagged Hbα or DDK/ 
Flag-tagged MPO construct were purchased from OriGene (Rockville, 
MD, USA). V5-tag sGC-β1 and Myc-tagged sGC-α1 expression constructs 

was a gift from Dr. Andreas Papadopoulos (Athens University, Athens, 
Greece). Mammalian expression construct of iNOS (pcdna3.1 iNOS) was 
obtained from Dr. Stuehr’s lab (Cleveland Clinic). HEK 293T, RAW 
264.7, A549, SH-SY5Y and C2C12 cells were purchased from American 
Type Culture Collection (ATCC; Manassas, VA, USA). All HASMCs 
(human airway smooth muscle cells) explanted from normal donor lungs 
were provided by the laboratory of Dr. Rey Panettieri (Rutgers) [49]. 
Stable cell lines of HEK293 expressing eNOS or nNOS were obtained 
from Prof. Solomon Synder’s lab (Johns Hopkins, Baltimore). Mice tis-
sues including lungs and hearts from NOS double (n/eNOS− /− ) and NOS 
triple (n/i/eNOS− /− ) KOs were obtained from Prof. Masato Tsutsui’s 
and Prof. Hiroaki Shimokawa’s lab (University of Ryukyus, Japan). Pig 
blood, control pig lung tissues, while those obtained from the EVLP 
(Ex-Vivo Lung Perfusion) perfused with blood mixed with NO or via the 
airways were obtained from lung transplant surgeon Prof. Toshihiro 
Okamoto (Cleveland Clinic). MPO activity assay kit was purchased from 
Sigma, while cGMP ELISA assay kits were obtained from Cell Signaling 
Technology (Danvers, MA, USA). Protein G-sepharose beads were pur-
chased from Sigma and molecular mass markers were purchased from 
Bio-Rad (Hercules, CA, USA). 

Antibodies: Antibodies were purchased from different sources. 
Table S1 describes various types of antibodies used and its source. 

Cell culture, transient transfection, growth/induction of cells: All 
cell lines were grown and harvested as previously described [32,50]. 
Cultures (50–60% confluent) of HEK 293T/COS-7 cells were transiently 
transfected with either Myc-Mb or Myc/DDK-Hb-αβ or Flag-MPO con-
structs, and after 28h of transient transfection, NO donor doses from 
NOC-18 were given for additional 18h before harvest. Cultures of 
HASMCs (human airway smooth muscle cells) or stable HEK lines 
expressing eNOS/nNOS were grown to confluency and then treated with 
NO doses for 18 h before harvest, and in most cultures where NO donor 
doses were given, the cells were also given sGC stimulator BAY 41 before 
cell harvest. In different experiments RAW cells were induced with 
combinations with interferon gamma (IFN-γ), LPS for variable time 
points between 0 and 24h − /+ L-NAME, before cell harvest. At the point 
of cell harvest, the monolayers were washed twice with 3 ml of cold PBS 
containing 1 mg/ml of glucose, and cells on each plate were collected by 
scraping in presence of 250 μl of classical lysis buffer (40 mM EPPS 
buffer pH 7.6, 10% Glycerol, 3 mM DTT, 150 mM NaCl and 1% NP40) or 
at times cell lysis buffer from cGMP estimation kit (Cell Signaling 
Technology) was used. The collected cells were lysed by 3 cycles of 
freeze-thawing (in liquid nitrogen and at 37 ◦C, respectively). The ly-
sates were centrifuged for 30 min at 4 ◦C and the supernatants were 
collected and stored at − 80 ◦C. Total protein contents of the superna-
tants was determined using the Bio-Rad protein assay kit. In all cases 
wherever applicable cell supernatants were assayed for protein expres-
sion by Western blot, binding assays by IPs, depiction of 
heme-maturation by heme staining as indicated. 

Western blots, heme staining and immunoprecipitations (IPs): 
Western blots were performed using standard protocols as previously 
mentioned. For westerns, 50-80 μg of the supernatants were run on SDS- 
PAGE (8 or 15%), transferred to the same PVDF membrane, probed with 
a specific antibody and developed using ECL reagent. In all cases β-actin 
or GAPDH was used as a loading control. Multiple protein detection was 
achieved by stripping the membranes and re-probing with specific an-
tibodies. Heme staining of cell supernatants either from C2C12 cells 
(250 μg) or induced RAW cells (200 μg) or from stable/transfected HEK/ 
COS-7 cell supernatants (250 μg) cells was done as previously described 
[32,33]. For immunoprecipitations (IP), 600 μg of the total cell super-
natant was precleared with 20 μl of protein G-sepharose beads (Amer-
sham) for 1 h at 4 ◦C, beads were pelleted, and the supernatants 
incubated overnight at 4 ◦C with 3 μg of the indicated antibody. Protein 
G-sepharose beads (20 μL) were then added and incubated for 1 h at 
4 ◦C. The beads were micro-centrifuged (6000 rpm), washed three times 
with wash buffer (50 mM HEPES pH 7.6, 100 mM NaCl, 1 mM EDTA and 
0.5% NP-40) and then boiled with SDS-buffer and centrifuged. The 
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supernatants were then loaded on SDS-PAGE gels and western blotted 
with specific antibodies. Band intensities on westerns were quantified 
using Image J quantification software (NIH). 

UV–visible absorption spectra, Heme content of Hb estimation and 
Olis Clarity spectroscopy: UV–visible absorption spectra of blood tissue 
supernatants extracted from mice lungs were recorded at room tem-
perature between 350 and 700 nm on a Shimadzu spectrophotometer 
(Shimadzu, Kyoto, Japan). Equal amounts (200 μg) of total protein su-
pernatants were used for respective wavelength scans. The heme content 
for Hb was determined from the Soret absorption peak at 414 by using 
the extinction coefficient of 342500 M− 1 cm− 1 and a manipulation to 
account for the variable absorbance contributions that were attributable 
to sample turbidity. This involved creating a baseline for each scan by 
drawing a line that connected the absorbance values at 380 and 470 nm. 
The additional Soret absorbance at 414 nm above this baseline was then 
used to calculate the Hb heme content [30,33]. The analysis of Mb heme 
in the mice heart muscle was done by using the Olis Clarity spectro-
photometer, which can record the heme spectra of suspensions or so-
lutions in particulate form. Here the absorption spectra was collected 
with an integrating sphere detector. To segregate the Mb in the heart 
muscle from the mixed blood, IPs were performed on 600 μg of total 
protein with Mb antibody, beads washed with wash buffer and the bead 
bound Mb spectra from WT, double or triple NOS KO mice heart su-
pernatants were recorded on the Olis Clarity. 

Nitrite in the culture media: Nitrite was measured using ozone-based 
chemiluminescence with the triiodide method and using the Sievers NO 
analyzer (GE Analytical Instruments, Boulder, CO, USA) [51,52]. 
Briefly, the triiodide reagent was made using 1g of KCI and 0.65 g of 
iodine dissolved in 20 ml of distilled water, with the addition of 70 ml of 
acetic acid. A total of 6 ml of this solution was used in the reaction 
chamber for nitrite conversion into NO. A standard curve was generated 
using 0–50 μM of nitrite. Samples were used neat or diluted. These were 
injected into the reaction chamber. Since the volume of the reaction 
chamber would alter over time, we limited the number of injections but 
kept the samples from each set together. The concentration of nitrite was 
calculated using the standard curve. All samples were done in triplicate. 

In vitro NOS reconstitution and Griess assays: iNOS, nNOS or eNOS 
activity was determined by measuring production of nitrite alone or 
nitrite plus nitrate (stable oxidation products of NO that accumulate 
quantitatively) in 30-min incubations run at 37 ◦C. Aliquots of HEK cell 
supernatants were transferred to microwells containing 40 mM Tris 
buffer (pH 7.8) supplemented with 3 mM DTT, 2 mM l-arginine, 1 mM 
NADPH, protease inhibitors, and a 4 mM concentration each of FAD, 
FMN, and H4biopterin, to give a final volume of 0.1 ml. Reactions were 
terminated by enzymatic depletion of the remaining NADPH [53]. In 
separate experiments the cell culture media from induced RAW cells or 
transiently expressing iNOS were taken out at specific time points to 
determine the accumulated nitrite by Griess assay [50]. 

Oxyhemoglobin assay to measure NO release rates at various NOC- 
18 concentrations: The NO-mediated conversion of oxyhemoglobin to 
methemoglobin was used to determine the rate of NO release from NOC- 
18 at 37 ◦C [40] (Fig. S1). Various concentrations of NOC-18 were added 
to cuvettes that contained DMEM culture media with 10 μM oxyhemo-
globin. The absorbance gain at 401 nm was recorded over a 3h period. 
The rate of NO release was calculated using the difference extinction 
coefficient of 38 mM− 1 cm− 1. 

MPO activity assay: Myeloperoxidase (MPO) is abundantly 
expressed in neutrophils and is a lysosomal protein stored in the azur-
ophilic granules of the neutrophil [54]. MPO catalyzes the production of 
hypochlorous acid (HClO) from hydrogen peroxide (H2O2) and chloride 
anion, Cl− (or halide). In our study, the MPO enzyme activity of cell 
lysates were analyzed by BioVision’s Myeloperoxidase (MPO) Activity 
Colorimetric Assay Kit (Catalog #K744-100), according to manufac-
turer’s protocol. Briefly, HClO produced from H2O2 and Cl− reacts with 
taurine to generate taurine chloramine, which subsequently reacts with 
the TNB probe to eliminate the color (λ = 412 nm). 

cGMP enzyme-linked immunosorbent assay: The cGMP concentra-
tion in various cell supernatants made from intact cells that were either 
given NO donor, NOC-18 or a combination of NOC18 doses and BAY 41 
before harvest. RAW cells induced with interferon gamma (IFN-γ) and 
LPS − /+ L-NAME were estimated using the cGMP ELISA assay kit (Cell 
Signaling Technology). In other cases cGMP in pig lung tissue super-
natants were also estimated using the cGMP ELISA assay kit. Control WT 
or NOS double (n/eNOS− /− ) and (n/i/eNOS− /− ) triple KOs mice lung 
tissue supernatants were assayed for sGC enzymatic activity [55] in 
reactions containing aliquots of the tissue supernatants supplemented by 
adding 250 μM GTP, 10 μM of sGC stimulator BAY 41 or activator BAY 60, 
250 μM IBMX and then incubated for 20 min at 37 ◦C. Reactions were 
quenched by addition of 10 mM Na2CO3 and Zn (CH3CO3)2. The gener-
ated cGMP was then determined by ELISA. 

Biotin Switch assays: The biotin switch assay on pig lung tissue 
supernatants was performed to determine S-nitrosated proteins as 
described previously [56], and the presence of the S-nitrosated target 
protein was assayed by immunoblotting with specific antibodies. 

Ex Vivo Lung Perfusion (EVLP) Studies: These studies were done in 
collaboration by Dr. T. Okamoto (Cleveland Clinic). We received a total 
of 12 cases of EVLP (Table S3), out of which we got porcine lung tissues 
from 11 cases, and 3 cases had all relevant blood perfusates. Tissues and 
blood perfusates from Control group n = 4; iNO (Airways) n = 3; iNO 
(Membranes) n = 5 were the cases that were used for doing biochemical 
studies (Table S3). Lund-type EVLP was used and 2 h of perfusions was 
maintained. In iNO Airway group iNO (nitric oxide in ppm) was deliv-
ered via trachea tube and in iNO Membrane groups, iNO (nitric oxide in 
ppm) was delivered via membrane in the EVLP circuit (i.e. nitric oxide 
was mixed with the blood perfusate) by using INOVent (INOTher-
apeutics LLC, Hampton, NJ) (Fig. 10A). All nitric oxide doses for iNO 
Airways or iNO Membranes were 80 ppm, except for one iNO Airway 
and one iNO Membrane group which was 40 ppm. At 2 h, physiological 
data and transplant suitability was evaluated. The control groups were 
given warm ischemia as well as cold ischemia to have moderate lung 
injury during EVLP. The same ischemia time was given to the iNO 
groups. Instrumentation: The LS1 (XVIVO Perfusion Inc, Engwood, CO) 
consisted of a roller pump, reservoir, membrane oxygenator, heat 
exchanger, and leukocyte filter (Fig. 10A). The EVLP system was primed 
with 2.0 L of STEEN solution, heparin 10000 IU, and packed red blood 
cells 500–600 mL, whose hematocrit level was 10–15%. The pH in the 
solution was adjusted with isotonic trometamol. The pulmonary artery 
cannula was securedusing 2-0 silk, and the trachea was connected to the 
mechanical ventilator (Servo-i; Maquet Critical Care, Solna, Sweden) 
using an endotracheal tube. The left atrium was opened widely. Details 
of EVLP were previously reported [57]. 

3. Results 

NO causes heme-insertion into the sGCβ1 subunit inducing heter-
odimerization of sGC-α1β1 subunits: Endorsing our previous and cur-
rent studies [40,42] we found that low doses of NO can trigger 
heme-insertion into sGCβ1 to build the sGC heterodimer. We first tran-
siently expressed Myc-sGCα1 and V5-sGCβ1 in COS-7 cells for 28 h, 
followed by treatment with variable doses of NO from NO donor NOC-18 
(0–100 μM) for 18 h before cell harvest. Performing immunoprecipita-
tions (IPs) we found that there was a strong sGC-α1β1 heterodimer 
buildup at low NOC-18 concentrations (between 1 and 7.5 μM, Fig. 1A) 
and a concomitant drop in sGCβ1-hsp90 binding. We then repeated 
these experiments in three human airway smooth muscle cells 
(HASMCs) that were explanted from 3 healthy donors and then treated 
the cultures with variable doses of NOC-18 (0–100 μM) for 18 h. IPs 
performed on generated cell supernatants showed that the sGC-α1β1 
heterodimer buildup occurred at extremely low doses of NO, i.e. be-
tween 0.1 and 10 μM concentrations of NOC-18 and this gradually 
dissociated at higher NO doses beyond concentrations of 25–100 μM 
(Fig. 1B, S1 and S2). On the contrary the sGCβ1-hsp90 interactions were 
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Fig. 1. Low NO doses induced sGCα1β1 heterodimerization by causing heme-insertion into the sGCβ1 subunit. Myc-sGCα1 and V5-sGCβ1 constructs were 
either transiently transfected in COS-7 cells for 28h and then exposed to variable NO doses of NOC-18 for additional 18h before cell harvest or HASMCs were cultured 
to confluency and then treated with similar doses of NOC-18, followed by BAY 41–2272 treatment. (A) and (B) Immunoprecipitations (IPs) depicting build-up of sGC- 
α1β1 heterodimer at low NO doses with a concomitant drop in sGCβ1-hsp90 interaction. (C) Estimated cGMP values from experiments performed in panel B. All 
values depicted are mean n = 3, ±SD. *p < 0.05, by one-way ANOVA. Wherever applicable molecular weight markers (KDa) are depicted at the left of gel bands 
throughout the figure legends. 

Fig. 2. Low NO doses also induced heme-insertion into the myoglobin (Mb) in C2C12 cells as well as in transiently expressed Mb and this heme-insertion/ 
maturation occurs via the NO-sGC-cGMP pathway. C2C12 myoblasts were grown to confluency and then treated with variable doses of NOC-18 for 18h, and then 
treated with BAY 41–2272 before cell harvest. The cell supernatants were then assayed for IPs to determine the status of Mb-hsp90 interaction or sGC-α1β1 het-
erodimer, heme-stains to determine Mb heme levels and cGMP in cell supernatants was estimated by ELISA. In other experiments Myc-Mb was transiently expressed 
in HEK or COS-7 (− /+ sGC-α1β1) cells to determine the impact of sGC expression on Mb heme. (A) Mb expression by westerns (upper left panel), while lower left 
panel depicts Mb heme by heme-staining. Right panel depicts the mean densitometries of Mb heme-stains from n = 3 repeats. (B) IPs depicting Mb-hsp90 interaction. 
(C) IPs depicting sGC-α1β1 heterodimer and densitometry of bound sGCα1 under corresponding conditions of Mb heme-maturation. (D) Estimated cGMP values from 
experiments performed in panel A. All values depicted are mean n = 3, ±SD. *p < 0.05, by one-way ANOVA. (E–G) Expression and heme-stains of Myc-Mb in HEK or 
COS-7 (− /+ sGC-α1β1). 
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inversely correlated with the heterodimer, decaying with buildup of the 
heterodimer and then rising as the heterodimer dissociated at higher NO 
doses (25–100 μM of NOC-18, Fig. 1B). The cGMP estimates from cor-
responding HASMC supernatants correlated with buildup of the sGC 
heterodimer at low NO doses and with the fall at higher doses (Fig. 1C). 
While we demarcate low and high NO levels mainly based on the drastic 
effects on heme-insertion we see here, the calculated values of NO 
release rates obtained for each increasing concentration of NOC-18 
(0–250 μM, Fig. S1) shows a slender rise, which may suggest that 
these observed effects are based on subtle changes in molecular events 
which enable this NO-driven heme-insertion process. Together these 
data suggest that low NO doses induce heme-insertion into the β1 sub-
unit, which subsequently heterodimerizes and this breaks apart at 
higher NO doses. Since this effect of NO obtained on transient expression 
of sGC-α1β1 subunits in cell lines (COS-7) and those obtained from three 
primary cultures of diverse HASMCs (Table S2, in terms of race and 
gender) are relatively similar, it further suggests that this low NO effect 
causing heme-insertion and subsequent sGC-α1β1 heterodimerization is 
a rather universal occurrence. 

NO induces heme-insertion into the globins (Mb and Hb) and this 
occurs via the NO-sGC-cGMP pathway: Having determined the effect of 
NO on sGC heme-insertion, we wondered whether this process actually 
occurred for other hemeproteins including the all important globins (Mb 
or Hb). We used our novel find here to see whether treating by low NO 
doses can increase the Mb heme-insertion and what effect this would 
have on the Mb-hsp90 binding. We treated C2C12 cells with variable 
doses of NO for 18 h similar to that depicted in Fig. 1. As depicted in 

Fig. 2A, there was a gradual buildup of Mb heme in the low dosage range 
of NO (2.5–7.5 μM NOC-18), and this disappeared at higher NO dosage 
(>7.5 μM). Likewise there was also a gradual increase in Mb dimer 
which faded away at higher NO doses (>7.5 μM). While working with 
Mb heme-maturation we found that myoglobin also exists in a dimeric 
form in both mouse skeletal muscle (C2C12) as well as in human lung 
epithelial cells (A549) and in human lung tissue (Fig. S3). Dimeric 
myoglobin has been earlier reported in equine muscle but its signifi-
cance or function is not fully understood [58]. Next we did IPs to access 
the level of hsp90 bound to Mb and how the Mb-hsp90 interaction 
changes with variable NO dosage. The Mb-hsp90 interactions were 
reciprocal with buildup of Mb heme and its dimer (Fig. 2B). This sug-
gests that low NO doses caused heme-insertion into the Mb, this was 
correlated with a concomitant increase in the Mb heme bands (Fig. 1A) 
and with the loss of Mb-hsp90 interactions. Since Mb heme-maturation 
also involves an active sGC [33], we looked at the level of the sGC-α1β1 
heterodimer under these conditions and found that the heterodimer 
peaked between 2.5 and 5 μM of NO and this was in accord with the 
accumulated cGMP (Fig. 2C and D). We then determined whether this 
NO induced heme-insertion into Mb goes via the NO-sGC pathway. For 
this we expressed Myc-Mb into HEK and in COS-7 (in the absence or 
presence of transfected sGCα1β1) cells and then gave similar NO doses 
from NOC-18. As depicted in Fig. 2E–G, Myc-Mb expressed well both at 
the protein and heme levels in HEK cells, but lost its expression at higher 
NO doses (>10 μM) and had no heme on the Mb in COS-7 cells. This loss 
in Mb expression at higher NO doses can be a direct effect of NO, which 
has been also implicated in proteosomal degradation of diverse proteins 

Fig. 3. Transiently transfected hemoglobin (Hb)-αβ subunits also undergo a low NO dose dependent heterodimerization, driven by the NO-sGC-cGMP axis 
following heme-insertion into the globins. Myc-Hbβ/Hbβ and DDK-Hbα/Myc-Hbα constructs were transiently expressed in HEK cells for 28h and then treated with 
variable doses of NOC-18 for additional 18h before treatment with BAY 41–2272 and cell harvest. In other experiments Myc-Hbα and/-Hbβ were transiently 
expressed or in combination with sGCα1β1 in HEK/COS-7 cells for 28h followed by NOC-18 treatment for 18h before cell harvest. (A) IPs depicting formation of the 
DDK-Hbα-Myc-Hbβ heterodimer at low NO doses. Western expression of Myc-Hbβ and DDK-Hbα with β-actin used as a loading control. Lowermost panel depicts 
mean densitometries of DDK-Hbα bound to Myc-Hbβ from n = 3 repeats. (B) IPs depicting formation of the Myc-Hbα-Hbβ heterodimer at low NO doses. (C) Heme- 
stain of Myc-Hbβ and DDK-Hbα transfectants in HEK cells. (D) IPs depicting corresponding sGCα1β1 heterodimerization in HEK cells with (E) estimated cGMPs. (F) 
Western expression and heme-stains of Myc-Hbα/β and corresponding mean densitometries as indicated. (G) Western expression and heme-stains of Myc-Hbαβ in 
respective cell types. Lowermost panel depicts the estimated cGMP levels. All values depicted are mean n = 3, ±SD. *p < 0.05, by one-way ANOVA. 
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including iron regulatory protein-2 or certain hemeproteins like human 
cytochrome P450 [59,60]. However since COS-7 cells unlike the HEK 
are devoid of its endogenous NO receptor, sGC [33], overexpressing 
sGCα1β1 subunits along with Myc-Mb in COS-7 cells restored both heme 
and the protein levels on the Mb. Doing similar experiments of trans-
fection in HEK cells with Myc-Hbβ and DDK-Hbα (or with Hbβ & 
Myc-Hbα), and treating with variable NO doses for 18 h before cell 
harvest, we performed IPs and heme-staining on the supernatants. As 
depicted in Fig. 3A–C there was a gradual increase in the Hb-αβ inter-
action at low NO doses, with the heme on the Hb (1-10μМ), and this 
faded away at higher doses. The sGCα1β1 heterodimer as well as the 
generated cGMP peaked within this low NO dose (2.5 μM), suggesting 
that Hb heme-maturation also needed an active sGC (Fig. 3D–F). This 
was further supported by the fact that both expression and heme levels 
of Myc-Hbαβ were drastically reduced in COS-7 cells which lack sGC 
(Fig. 3F) [33], but were effectively rescued when sGCα1β1 was 
co-expressed with Myc-Hbαβ (Fig. 3G). The resurgence in the cGMP 
levels of COS-7 cells upon sGCα1β1 transfection followed by NO treat-
ment (2.5 μM of NOC-18 for 18h) also showed that the NO-sGC axis was 
activated (Fig. 3G, lowermost panel). Together these data suggest that 
(Hb)-αβ also undergo a low NO dose driven heterodimerization 
following heme-insertion into the Hb-αβ subunits and this occurs via the 
NO-sGC-cGMP pathway. 

Lowering or loss of endogenous NO produced by NOS enzymes 
globally impacts sGC, Mb and Hb heme-maturations as evidenced in 
the tissues of NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) 
knock out mice: In order to determine the physiological semblance of 
NO induced heme-insertion of sGC and the globins we performed 
biochemical analyses on the lung, heart and blood tissues of NOS double 
(n/eNOS− /− ) and triple (n/i/eNOS− /− ) knock out (KO) mice that we 
obtained from Prof. Tsutsui’s and Shimokawa’s lab. Both these mice 
have a higher mortality rate relative to the wild-types [45] and the triple 
NOS (n/i/eNOS− /− ) KO was recently shown to develop spontaneous 
pulmonary emphysema in juvenile mice [61] indicating a novel pre-
ventive role of the endogenous NO and this may also relate to lung sGC 
dysfunction. WT or NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) 
KO mice lung/heart/blood supernatants were analyzed for protein 

expression by westerns, IPs were performed to detect the strength of 
sGC-α1β1 heterodimer, or the strength of Mb-hsp90 or the 
Hb-αβ/Hbβ-hsp90 interactions and sGC activation assays were done 
using BAY-41 vs BAY-60, to detect formation of heme-free sGC. BAY-41 
is a NO and heme dependent sGC activator, while BAY-60 is a heme/NO 
independent activator and use of these drugs causes preferential acti-
vation of the heme-containing and heme-free forms to estimate the 
relative populations. Western blots (Fig. 4A–B) revealed lowered 
expression levels of sGCα1 and β1 in the lung supernatants of NOS 
double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) KOs relative to WT mice. 
Doing IPs on these lung supernatants (Fig. 4C), we found a weak (for 
n/eNOS− /− ) to almost a non-existent (for n/i/eNOS− /− ) sGC-α1β1 het-
erodimer for the double and triple NOS KOs respectively, indicating that 
lung sGC in these mice were heme-free. This was confirmed by doing 
sGC activation assays with BAY-41 and BAY-60 (Fig. 4E). Here that lack 
of heme in the lung sGC of double and triple NOS KOs is substituted by 
BAY-60, which like heme binds to sGCβ1 to increase the sGCα1-β1 
heterodimer and thus rescues the sGC activity (Fig. 4E). These data 
suggest that endogenous NO produced by NOS enzymes are important 
for heme-maturation of the sGCβ1 and absence or lowering of endoge-
nous NO in NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) KO mice 
results in the generation of heme-free sGC. Analyzing the mouse heart 
supernatants by IPs and determination of Mb heme on the Olis Clarity 
spectrophotometer we found that the Mb-hsp90 interactions were 
greatest for triple (n/i/eNOS− /− ) where the Mb heme spectra was 
lowest, followed by double (n/eNOS− /− ) KOs relative to the WT, indi-
cating greater incidence of heme-free Mb in the KOs (Fig. 5A–C). For 
analysis of Mb heme we first segregated the Mb from the heart blood 
tissue (Hb) by IP with the Mb antibody and then suspended equal 
amounts of the bead bound Mb extracts for absorption spectra that was 
collected with an integrating sphere detector (Olis Clarity). Finally 
evaluating the blood tissue supernatants extracted from the mice lungs 
(Fig. 6) we found that the Hb from NOS double (n/eNOS− /− ) and triple 
(n/i/eNOS− /− ) KOs to be low in heme or the heme was loosely bound to 
the globin (heme-stain, Fig. 6B and C) relative to the WT. The results 
from the heme-stain corroborated with UV–visible spectra and also with 
the heme-content of Hb that was estimated from the corresponding 

Fig. 4. Endogenous NO produced by NOS enzymes are important for heme-maturation of the sGCβ1 and absence or lowering of endogenous NO in NOS 
double (n/eNOS¡/¡) and triple (n/i/eNOS¡/¡) knockout mice results in the generation of heme-free sGC. WT or NOS double (n/eNOS− /− ) and triple (n/i/ 
eNOS− /− ) knockout mice lung supernatants were analyzed for protein expression by westerns, IPs were performed to detect the strength of sGC-α1β1 heterodimer 
and sGC activation assays were done by BAY 41–2272 or BAY 60–2770, with cGMP as the readout on an ELISA to detect formation of heme-free sGC. (A) Protein 
expression by westerns as indicated with (B) corresponding mean densitometries of sGCα1, sGCβ1 and hsp90. (C) IPs depicting sGC-α1β1 heterodimerization and its 
concomitant sGCβ1-hsp90 interactions. (D) Mean densitometries from interactions depicted in panel C. (E) Estimated cGMP by ELISA obtained by activating sGC in 
the lung supernatants with heme-dependent sGC stimulator BAY 41–2272 or with heme-independent sGC activator BAY 60–2770. Values depicted are mean n = 3 ±
SD. *p < 0.05, by one-way ANOVA. 

A. Ghosh et al.                                                                                                                                                                                                                                  



Redox Biology 56 (2022) 102478

7

spectral measures (Fig. 6D and E). IPs done on these supernatants 
showed that there was a corresponding lowering in the Hb-αβ interac-
tion with a concomitant rise in Hbβ-hsp90 interactions which is indic-
ative of an increase in heme-free Hb (Fig. 6F and G). Both the heme 
estimates and the IPs revealed that the Hb heme and the strength of 
Hb-αβ interactions were was lowest for the triple (n/i/eNOS− /− ) KOs 
(Fig. 6B–G). Taken together our results show that inadequate NO levels 
can drastically impact the whole animal and can cause pathologic 
accumulation of heme-free sGC, can cause Mb to become heme-free and 
also trigger an increase in the heme-free Hb in these double 
(n/eNOS− /− ) and triple (n/i/eNOS− /− ) NOS KO mice. These data also 
corroborate our previous findings that low NO doses can trigger 
heme-insertion into the sGC and the globins (Figs. 1–3). 

NOSs need low doses of NO for its own heme-maturation while 
higher NO doses are inhibitory to the process, and iNOS maturation 
additionally needs an active sGC: RAW 264.7 cells was induced for 
iNOS with interferon gamma (IFN-γ) and lipopolysaccharides (LPS) − /+

NOS inhibitor L-NAME and the expression of iNOS was followed over 
fifteen such time points between 0 and 24 h as depicted in Fig. 7. The 
incorporation of heme into the newly synthesized iNOS protein was 
followed by in-gel heme-stain, while IPs were performed at each time 
point to determine the strength of iNOS-hsp90 interactions which is a 
measure of heme-free iNOS or apo-iNOS (Fig. 7A–C) [50]. As shown in 
Fig. 7 there was gradual synthesis of iNOS protein and as it increased 
with time there was gradual heme-insertion into iNOS as depicted by the 
heme-stain. This heme-insertion was very distinct, and almost 2-fold 
greater in the L-NAME treated cells relative to the untreated ones 
(Fig. 7C), as in this case the NO synthesis was blocked, resulting in low 
NO levels as depicted in the nitrite values estimated by the ozone based 
chemiluminescence assay (Fig. 7D). However in the L-NAME untreated 
cells (Fig. 7B) there was less heme-insertion into the iNOS protein which 
declined post 10–12h of iNOS induction, as evident from the heme-stain 
and the decreasing nitrite values (Fig. 7C and D). Moreover IPs clearly 
showed that more hsp90 was bound to iNOS in the absence of L-NAME, 

Fig. 5. The absence or lowering of NO in NOS double (n/eNOS¡/¡) and (n/i/eNOS¡/¡) triple KOs makes the myoglobin (Mb) heme-deprived relative to 
wild-type controls. WT or NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) knockout mice heart supernatants were analyzed for protein expression by westerns, 
IPs were performed to detect the strength of Mb-hsp90 interaction which is a measure of heme-free Mb and Mb spectra the mice heart supernatants was estimated by 
absorption spectra collected with an integrating sphere detector (Olis Clarity), using bead bound Mb that was immunoprecipitated with Mb antibody. (A) IPs 
depicting Mb-hsp90 interactions in various mouse heart supernatants as indicated. Protein expression is depicted by westerns as indicated. (B) Corresponding mean 
cumulative densitometries of Mb-hsp90 interactions. All values depicted are mean n = 3, ±SD, *p < 0.05, by one-way ANOVA. (C) Corresponding absorption spectra 
of heart muscle Mb of WT, NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) KOs, collected with an integrating sphere detector. Inset shows the immunopre-
cipitated Mb from WT and the NOS KOs western blotted with Mb antibody. 

A. Ghosh et al.                                                                                                                                                                                                                                  



Redox Biology 56 (2022) 102478

8

suggesting that there was a gradual increase in the heme-free iNOS with 
the decline in iNOS heme (Fig. 7A and B). These results suggest that high 
levels of NO generated by iNOS inhibits its own heme-insertion and 
lowering the NO levels by using L-NAME is beneficial for iNOS 
heme-maturation as low NO levels are needed for iNOS 
heme-maturation. We also found by cGMP estimates (Fig. S4) that under 
time points of iNOS induction, the distribution of cGMP was largely 
greater under plus L-NAME relative to minus L-NAME conditions, when 
NO levels were low (+L-NAME). This promoted us to further determine 
the role of sGC in iNOS heme-maturation by estimating the nitrite values 
and doing in vitro iNOS reconstitution assay (Fig. 7E–G) on iNOS 
transfected HEK or COS-7 supernatants (− /+sGC). We found that the 
iNOS activity was increased nearly 3 fold in COS-7 cells expressing sGC 

(Fig. 7G). These findings suggest that both low NO and an active sGC are 
essential for iNOS heme-maturation. Next we analyzed HEK cultures 
stably expressing nNOS or eNOS or SH-SY5Y cells that express nNOS, 
that were treated with variable doses of NOC-18 (0-100μМ) for 18h 
before cell harvest. As depicted in Fig. 8, we did protein expression by 
westerns, in-vitro NOS reconstitution assays and in-gel heme-stains at the 
indicated NO doses and determined that both nNOS and eNOS need low 
NO concentrations to heme-mature, while higher NO doses are inhibi-
tory to the process (Fig. 8A–E). 

NO also triggers heme-insertion into hemeproteins like MPO: In 
order to determine the universal nature of the low NO phenomena 
causing heme-insertion into apo-heme proteins, we tested this effect 
other hemeproteins, eg. MPO. RAW cells were induced from 0 to 24 h 

Fig. 6. Heme in the blood hemoglobin of NOS double (n/eNOS¡/¡) and triple (n/i/eNOS¡/¡) KOs mice is low in heme or is loosely bound with a cor-
responding lowering in Hb-αβ interaction. Blood extracted from the WT or NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) knockout mice lungs was ho-
mogenized and generated supernatants were subjected to protein expression by westerns, heme-stains to determine heme levels of Hb in the blood and IPs were 
performed to detect the strength of Hbα-β interactions and its concomitant Hbβ-hsp90 interactions which is a measure of heme-free Hb. (A) Protein expression by 
westerns as indicated. (B) Heme-stains of Hb in the generated supernatants as indicated. (C) Mean densitometry of Hb heme-stain depicted in panel B normalized by 
loading control GAPDH. (D) UV–visible absorption spectra of blood extracted from lungs of WT, double and triple KO with equal protein. (E) Calculated heme- 
content of Hb. (F) IPs depicting Hbα-β and its associated Hbβ-hsp90 interactions in various supernatants as indicated. (G) Corresponding mean densitometries of 
Hbα-hsp90 and Hbβ-hsp90 interactions. All values depicted are mean n = 4, ±SD. *p < 0.05, by one-way ANOVA. 
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with IFN-γ and LPS − /+ L-NAME, similar to that depicted for Fig. 7. The 
generated cell supernatants were assayed for MPO activity assays and 
MPO expression was determined by westerns. As depicted in Fig. 9A–B, 
we found that MPO expression was largely constant from 0 to 10 h of 
IFN-γ and LPS induction but decreased from 12 to 24 h for both − /+ L- 
NAME conditions. Doing MPO activity assays and measuring the cor-
responding NO levels (Fig. 9C–D), we found that low concentration of 
NO (+L-NAME) promotes heme-maturation into MPO, as determined by 
its increased activity, while higher NO concentrations (-L-NAME) are 
inhibitory to MPO heme-insertion as seen by a drastic reduction in MPO 
activity. These drastic differences in MPO activities were however not 
due to the decreases in MPO expression as these occurred for both − /+ L- 
NAME conditions, but are a direct effect of the generated NO levels. 
Experiments involving transient expression of the MPO-β subunit in HEK 
cells (Fig. 9E and F) treated with variable NO doses (0–100 μM from 

NOC-18), also showed that MPO activity attained a maximum at low NO 
(5–10 μM), before falling at higher doses (>10 μM). Together these data 
suggests that heme-maturations are regulated similarly by NO for MPO, 
where low NO levels promote and high doses are inhibitory. 

Low NO concentrations are protective against lung injury reperfu-
sion on a Ex Vivo Lung Perfusion (EVLP) system prior to lung trans-
plant: Among potential alternatives, the ex vivo lung perfusion (EVLP, 
Fig. 10A) serves as a novel platform that allows for accurate assessment 
of lung function and also aims to improve lung function of marginal 
lungs. This system (Fig. 10A) can be used to deliver NO via trachea tube 
(i.e. iNO Airway) or NO can be delivered mixed with the blood-base 
perfusate (iNO Membrane), in the EVLP circuit. Okamoto and col-
leagues earlier determined that blood-base perfusate mixed with NO (at 
80 ppm) was protective against lung reperfusion injury of porcine (pig) 
lungs on the EVLP, and some of these lungs even became suitable for 

Fig. 7. Low doses of NO along with an active sGC promotes heme-maturation of iNOS, while iNOS heme-maturation is inhibitory at higher NO con-
centrations. (A, B) Expression profile and heme-stains of newly synthesized iNOS post induction of RAW cells with IFN-γ and LPS − /+ L-NAME between 0 and 24h. 
Lower three panels depict IPs under parallel conditions showing apo-iNOS-hsp90 or apo-iNOS-GAPDH interactions. (C) Densitometry of iNOS heme-stain as depicted 
in A & B. (D) Mean Nitrite (n = 3 repeats) from culture media estimated by ozone-based chemiluminescence method (using the Sievers NO analyzer) as a measure of 
generated NO during iNOS induction − /+ L-NAME. IPs and western blots are representative and Nitrite values are mean (n = 3). (E-G/) iNOS was transiently 
expressed in HEK or COS (− /+ sGC), with media collected after 42h for nitrite estimation by Griess assay and supernatants generated for protein expression by 
westerns and iNOS reconstitution assays. All values depicted are mean n = 3, ±SD. *p < 0.05, by one-way ANOVA. 
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transplant (Table S3). We obtained these pig lung tissues which were 
either perfused with blood-base perfusate mixed with NO (M) or lungs 
which were given NO via the airways (A), along with control untreated 
lung tissues (C) from Dr. Okamoto. (Table S3). We first determined the 
level of lung sGC heterodimer by doing IPs in the generated tissue su-
pernatants (Fig. 10B) and found that the sGC heterodimer was mostly 
retained on all lung samples that underwent blood perfusion with NO 
(M) including those which were given low NO via airways (A). The 
heterodimer retention was highest for samples 2 and 5 and sample 5 was 
also the lung which was suitable for transplant. Among the controls, 
lung sample 1 was also found to be transplant suitable and this also 
exhibited a strong sGC-α1β1 heterodimer before perfusion. The cGMP 
estimated from all these samples were in accordance with the respective 
strength of the lung sGC heterodimers (Fig. 10B and C). Doing biotin- 
switch assay on these very samples we found more SNO-Hbβ on the 
NO treated samples (Fig. 10 D). Taken together our data imply that low 
NO levels maintains sGC-α1β1heterodimer levels in injured lungs during 
perfusion on the EVLP and that the circulating blood perfusate displays 
an elevated SNO on Hbβ and thus may improve tissue oxygenation in the 
lungs [4,62]. 

4. Discussion 

Based on our obtained results from these studies we construct a 
model depicting the impact of NO on hemeprotein maturation (Fig. 11). 
Low NO levels which corresponds to endogenously generated NO is 
essential for hemeprotein maturation of at least seven different hem-
eproteins. While low NO triggers heme-insertion into the sGCβ1 subunit 
thereby causing heterodimerization of sGC-α1β1 subunits, low NO can 
also cause heme-insertion into Mb or the Hb-αβ subunits by activation of 
the NO-sGC-cGMP pathway, following which the Hb heterodimerizes 
into Hb-αβ subunits. Low NO likewise also induces heme-insertion/ 
maturation within all three NOSs (iNOS, eNOS and nNOS) and MPO. 
On the contrary high NO levels cause inhibition of heme-insertion in the 
NOSs and MPO. For sGC high NO causes breaking of the sGC hetero-
dimer, thereby stalling the NO-sGC signal pathway and this in turn ob-
structs globin (Hb and Mb) heme-maturations. We also found that high 

NO levels can even reduce protein expression of globins such as Mb 
(Fig. 2F), when expressed in cell systems which lack sGC (COS-7) [33]. 
Here NO mediated proteosomal degradation mechanisms [59,60] 
maybe prevalent and overexpression of the NO receptor sGC, abrogated 
these effects (Fig. 2G), which suggests that sGC may also protect globin 
expression from NO. The good effect of low NO in causing sGC activation 
via sGC heterodimer buildup, can be effectively harnessed to revive or 
repair injured lungs on the EVLP. We find that both by perfusing blood 
mixed with low NO (M) or infusing low NO via the airways (A) can be 
protective against lung injury reperfusion on an EVLP and some of these 
NO treated lungs are also judged as suitable for transplant (Table S3). In 
all these instances of low NO based perfusions (via blood or airways), the 
basic molecular mechanism seems to be the resistance offered by low NO 
against breakup of the injured lung sGC heterodimer (Figs. 10B and 11). 
However not all the porcine lungs treated with NO were suitable for 
transplant and those maybe due to either dysfunction in the 
NO-sGC-cGMP pathway further downstream beyond cGMP or other 
factors outside the NO-sGC axis. Nevertheless, it was remarkable that in 
all the cases the only lungs suitable for transplant were control 1 and NO 
treated sample 5 (Fig. 10B), both of which had the highest sGC heter-
odimer either to begin with (control 1) or after NO perfusion (sample 5). 

The significance of our current study lies in the underappreciated 
dual role of NO. While low NO levels in cells might play a role in its 
proliferation by participating in signaling processes [63,64], high levels 
of NO can retard growth by acting as a toxic molecule and causing 
apoptosis [63,64]. Moreover a fine balance may exist in the maturation 
and activation of NOSs, sGC and the globins, all of which seem to be 
regulated by low NO levels. While it was previously determined that 
high NO can limit assembly of dimeric iNOS by possibly preventing 
heme insertion and decreasing heme availability [65], our current study 
explicitly shows that high levels of NO generated by iNOS inhibits its 
own heme-insertion and lowering the NO levels by using L-NAME is 
beneficial for iNOS heme-maturation (Fig. 7). Further we found by 
treating stable lines of eNOS and nNOS with variable doses from a NO 
donor, that low NO doses promotes while high NO levels directly in-
hibits eNOS/nNOS heme-insertion (Fig. 8). While it is known that NOS 
enzymes can self inhibit themselves by forming reversible inactive 

Fig. 8. Both eNOS and nNOS need low NO concentrations to heme-mature, while higher doses are inhibitory to the process. HEK cells stably expressing 
eNOS or nNOS, or SH-SY5Y cells which express nNOS endogenously were grown to confluency and then given variable doses of NO from NOC-18 for 18h before cell 
harvest. The generated cell supernatants were assayed for nNOS/eNOS expression by westerns, NOS heme by heme-staining and NOS activity assays by in-vitro 
reconstitution assays. (A–C) nNOS protein expression by westerns and nNOS heme depicted by heme-stainning under indicated NO doses. In-vitro NOS reconstitution 
was performed on HEK eNOS or SH-SY5Y to determine nNOS activity. (D, E) eNOS protein expression by westerns and eNOS heme depicted by heme-stainning under 
indicated NO doses. eNOS activity was determined by in-vitro NOS reconstitution assays. All values depicted are mean n = 3, ±SD. *p < 0.05, by one-way ANOVA. 
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ferrous-NO or ferric-NO complexes (which can reactivate by dissociation 
of NO from the NOS heme) [4] and studies have actually shown that 
70–90% of iNOS and nNOS are present in their inactive ferrous-NO 
forms. However such steady states might be existing at low NO levels, 
and are different from the state of NOSs at high NO levels, where they 
become inactive on account of being heme-deprived (Figs. 7 and 8). 

Our results obtained from low NO driven heme-insertions clearly 
demonstrate that sGC and the globins (Hb, Mb) undergo subunit het-
erodimerization (sGC-α1β1, Hb-αβ and a less defined Mb dimer) 
following heme-insertion, while excess NO disrupts heme-maturations 
(Figs. 1–3), which suggests that optimum low NO levels are absolutely 
essential to sustain these processes. In order to test the efficacy of the 
low NO driven heme-insertions in whole animal models, we tested the 
sGC or globin (Hb, Mb) heme-maturations in the lung, heart and blood 
tissues of NOS double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) KO mice 
that we received from Prof. Tsutsui’s lab. The lung sGC from the NOS 
double (n/eNOS− /− ) and triple (n/i/eNOS− /− ) KOs was significantly 
responsive to heme-independent sGC activator BAY-60 relative to WT 
(Fig. 4), suggesting that sGC was heme-free [24], signifying obstructed 
or incomplete sGC heme-maturations to be prevalent on account of 
lowering or loss of endogenous NO. This finding is correlative to the 
triple (n/i/eNOS− /− ) KO mice which was recently shown to develop 

spontaneous pulmonary emphysema in juvenile mice [61]. sGC has been 
earlier implicated in COPD where its expression seems to be down-
regulated and may also develop heme-free sGC [66]. Our earlier studies 
on mouse models of allergic asthma as well as those in HASMCs derived 
from human asthma show that lung sGC is dysfunctional on account of 
being heme-free [41]. Analyzing the Hb in the blood tissue, we found 
that Hb was low in heme (Fig. 6), in the NOS triple (n/i/eNOS− /− ) KOs 
and double (n/eNOS− /− ) KO mice. Moreover we also found that Mb 
from the mouse hearts, displayed low Mb heme levels with a higher 
binding to hsp90, and the heme levels were lowest for the NOS triple 
(n/i/eNOS− /− ) KO, followed by the double (n/eNOS− /− ) KOs relative to 
WT (Fig. 5). Together these data imply that heme-maturation cascade in 
these knockouts is obstructed for the sGC and the globins. These findings 
may correlate to the low mortality of the NOS triple (n/i/eNOS− /− ) KO, 
followed by the NOS double (n/eNOS− /− ) KOs [45]. Importantly the 
NOS triple (n/i/eNOS− /− ) KOs exhibit cardiovascular abnormalities, 
including hypertension, myocardial infractions, cardiac hypertrophy, 
bone marrow abnormalities, arteriosclerosis, diastolic heart failure etc., 
all of which may relate to obstructed heme-maturation of sGC and the 
globins (Hb and Mb) [61,67]. Moreover conditions of iron deficiency or 
anemia can cause myocardial infractions or make sGC heme-free as has 
been demonstrated in a recent study [68], and such conditions may also 

Fig. 9. Low concentration of NO promotes heme-maturation into MPO, while higher NO concentrations are inhibitory. RAW cells were induced from 0 to 24 
h with IFN-γ and LPS, − /+ L-NAME. The generated cell supernatants were assayed for MPO expression and activity. Further we also transiently expressed the Flag- 
MPO β subunit in HEK cells and then treated with variable doses of NOC-18 for 18 h before cell harvest. (A, B) MPO protein expression − /+ L-NAME under indicated 
conditions. (C) MPO activity assays − /+ L-NAME under indicated conditions. D) Mean nitrite values estimated by the ozone-based chemiluminescence method (using 
the Sievers NO analyzer) from aliquots of the collected media (n = 3), under parallel conditions. (E) MPO expression and (F) activity as determined from transiently 
transfected HEK cells. All values depicted are mean n = 3, ±SD. *p < 0.05, by one-way ANOVA. 
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exist in the NOS triple (n/i/eNOS− /− ) KO mice. 
Endothelial cells as well as macrophages, components of hemato-

poietic microenvironment are potent NO producers, playing an active 
role in the modulation of human hematopoietic cell growth and differ-
entiation [69]. Low levels of NO released by endothelial cells are critical 
for the maintenance of basal vascular tone. The synthesis of endothelial 
NO is increased in response to biochemical stimuli, including thrombin, 
adenosine diphosphate (ADP), and bradykinin; as well as mechanical 
stimuli, including shear stress and cyclic strain [69]. Studies have pre-
viously shown that inhibition of NO synthesis in the vasculature may 
lead to hypertension [70] or ischemic stroke [71], which are in part, 
through its effects on the vascular tone as well as is effect on the 
thrombotic potential [6]. The effects of low NO on sGC activation/ma-
turation (Fig. 1) or on heme-maturation of the globins (Mb Hb) and the 
three NOSs (Figs. 2–8) may seem synchronous or even similar with the 

effect of the bioavailable NO [4], and these realizations are now made 
clearer by our current study. While Ikuta et al. showed for the first time 
that cGMP signaling induces human γ globin gene expression [72], later 
studies by Ikuta and colleagues showed that when mice were treated 
with NO to activate the NO-sGC pathway or in sGC overexpressing 
transgenic rats, it led to higher red blood cell count and total Hb levels 
[29], and at the same time reduced the leukocyte count. These implicit 
results clearly translates in our current study, which demonstrates that 
low NO levels can increase the heme-insertion on the newly synthesized 
globin (Hbα/β, Fig. 3), and this subsequently increases the Hb-αβ het-
erodimerization. The finding that this NO effect on the Hb 
heme-insertion, works via the NO-sGC-cGMP pathway and the fact that 
Hbβ (adult) induction requires sGC (Fig. 3F), proves that erythropoiesis 
may require low NO levels in-vivo or can be stimulated in-vitro by in-
duction with low NO levels. The probable therapeutic applications of 

Fig. 10. Low NO doses are protective against ischemia reperfusion injury on a ex vivo lung perfusion (EVLP) system. (A) Diagramatic representation of the 
EVLP system. (B) Representative IPs depicting sGC-α1β1 heterodimerization in control (C) untreated, or NO treated via airways (A) or NO perfused via blood (M). 
Bottom panel represents the densitometry of sGCα1 bound to β1. * represents samples which were suitable for transplant. (C) Corresponding tissue homogenates 
estimated for cGMP by BAY-41 activation of sGC. All values depicted are mean n = 3, ±SD, ns is statistically non significant. *p < 0.05, by one-way ANOVA. (D) SNO- 
Hbβ levels in the control untreated and NO treated pig blood samples (left), with densitometry of SNO-Hbβ levels (right) normalized by total protein. 

A. Ghosh et al.                                                                                                                                                                                                                                  



Redox Biology 56 (2022) 102478

13

these findings suggest that in hematologic disorders such as in anemia, 
potential activators of the NO-sGC-cGMP pathway may stimulate 
erythropoiesis to supplement hemoglobin levels. However earlier re-
ports described an inverse correlation between hemoglobin and NO 
metabolite levels in anemic conditions [73,74], which implied that NO 
is a contributing factor in anemia, without taking into account the dual 
role of NO on hemeprotein maturation, based on its effective concen-
tration or time points of NO exposure. The collective implication of these 
findings however suggests that activation of NO-cGMP signaling may 
establish a hematologic adaptive response to rectify anemic conditions. 

MPO plays a critical role in host defense and in inflammatory tissue 
injury, it is abundant in neutrophils, monocytes and in subpopulation of 
macrophages [54]. Our studies found that MPO’S catalytic activity can 
be modulated by NO generated from iNOS in RAW cells, implying that 
NO has a bimodal effect on MPO heme (Fig. 9A–D). While low NO levels 
(obtained from 0 to 10 μМ concentrations of added NOC-18) progres-
sively increased the MPO activity, high NO doses (obtained from >10 
μМ of added NOC-18, Fig. 9E and F) drastically inhibited its activity, 
probably by inhibiting is heme-maturation as we find for NOS enzymes 
(Figs. 7 and 8). MPO is a heme peroxidase that is mainly expressed in 
neutrophils and is abundant in disease pathologies [75–77]. Multiple 
lines of evidence suggest a close nexus between MPO and cardiovascular 
diseases including coronary artery disease, congestive heart failure, 
arterial hypertension etc. [77]. It is abundantly present in human 
atherosclerotic lesions, where oxidative damage within the artery wall is 
implicated in the pathogenesis of atherosclerosis [78,79]. Since MPO 
catalyzes the formation of reactive oxidant species which contributes 
significantly towards development of cardiovascular diseases, thera-
peutic intervention to curb MPO activity is an ardent need. From this 
prospective our finding a key NO regulation of MPO activity becomes all 
the more significant, for better therapeutic intervention in specific car-
diovascular disease pathologies. 

While the actual difference between low and high doses of NOC-18 

used in this study are not too severe taking into account the NO 
release rates which transition from less than 25 nM/min to greater than 
50 nM/min (Fig. S1), to cause such drastic effects on heme-maturations 
in all these proteins. This suggests that NO-driven heme-insertion is 
modulated by fine changes in molecular mechanisms where such NO 
doses can become the tipping point. It becomes more remarkable 
considering the fact that these NO concentrations in vivo, in the steady 
state can actually be very low where such events can be further 
dependent upon time points of NO exposure which can enable or disable 
heme-maturations. Here S-nitrosylation (SNO) of hemeproteins can be a 
valid mechanism which can correlate with certain heme-proteins 
becoming heme-free on prolonged exposure as we see with sGC in 
mouse models of allergic asthma [41]. This finding suggests that 
increased SNO on sGC can even cause breaking of the sGC heterodimer, 
implying that NO exposure can even break protein interactions. More-
over initial SNO on sGC has also been suggested to enable its 
heme-maturation [55]. However further work is needed to establish 
such mechanisms for other hemeproteins which can cause initiation or 
inhibition of heme-insertion on NO exposure. The effect of NO for all the 
hemeproteins we studied that caused heme-maturation at low doses and 
inhibition at higher doses seemed similar in terms of concentration 
ranges from a single NO donor (NOC-18), which may also imply that the 
basic mechanism of heme-insertion is similar in all these hemeproteins. 
Low NO driven heme-insertion in the proteins that we found thus far 
appears to be a primary effect which first causes buildup of the sGC 
heterodimer, with subsequent activation to produce cGMP. This may 
transcriptionally induce synthesis of the globins (Hb or Mb) and may 
even enable iNOS heme-maturation (Fig. S4). A similar mechanism may 
even occur for the constitutive NOSs (eNOS and nNOS), which remains 
to be determined. However at this stage we cannot rule out additional 
mechanisms where low NO levels can itself directly act on the 
apo-globins or apo-NOSs to directly cause heme downloading using the 
GAPDH-Hsp90 heme transfer cascade [30]. This way low NO can act at 

Fig. 11. Model depicting the impact of NO on hemeprotein maturation and its therapeutic role. While high NO levels inhibit hemeprotein maturation, low NO 
levels enables the heme-maturation of NOSs, sGC, Hb, Mb, and MPO. Among these hemeproteins the components of the NO-sGC-Globin axis, namely NOSs, sGC, Hb 
and Mb have their heme-maturation driven by low NO levels, and an active sGC is also needed for Hb, Mb and iNOS heme-maturation. NO at ppm levels also 
manifests itself as a therapy and is found to be protective against ischemia reperfusion lung injury on a ex vivo lung perfusion (EVLP) system by resisting the breakage 
of the lung sGC heterodimer. 
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many levels to cause prolonged heme-maturation in select proteins. 
Application of low NO as a therapy: In order to validate the usefulness 

of low NO for therapeutic purposes we choose the EVLP system which 
aims to improve lung function of rejected lungs prior to lung transplant. 
Working with transplant surgeon Dr. T. Okamoto at the Cleveland Clinic 
we received porcine lungs that underwent EVLP with low NO mixed 
blood perfusions (via membrane M, Fig. 10) or were given NO via air-
ways (A), where some of these lungs were found suitable for transplant 
after undergoing such EVLP. To investigate whether low NO was caus-
ative at least in part to improve lung functions on the EVLP we inves-
tigated the molecular mechanisms based on the effects of low NO on the 
lung sGC heterodimer that we earlier determined (Fig. 1). We found that 
low NO levels maintain sGC-α1β1 heterodimer levels in the injured lungs 
(ischemic reperfusion injury) during perfusion on the EVLP and that the 
circulating blood perfusate exhibits an elevated SNO on Hbβ and this 
may also contribute to improve tissue oxygenation in the lungs 
(Fig. 10A–E) [62]. These primary data from porcine lungs suggest that 
such application of low NO may also succeed for improving human lung 
function on the EVLP prior to lung transplant and these molecular 
mechanisms of low NO driven sGC heterodimer buildup and high SNO 
on Hbβ should also hold true for human lungs. Moreover our findings 
should encourage the use of sGC stimulators like BAY 41, following low 
NO treatment to produce increased cGMP or drugs which synergize with 
low NO to cause an elevated sGC heterodimer. Since sGC maturation in 
fetal airway smooth muscle cells (Human ASMCs), is essential for lung 
alveolar development in neonates [80], similar applications of low NO 
treatment aimed to improve fetal sGC maturation in neonates or low NO 
treatment of asthma HASMCs, where the lung sGC is dysfunctional [49] 
should also be pursued in future studies for better therapeutic inter-
vention. Our present finding can thus amplify the therapeutic use of low 
NO levels and a will help widen the scope of research in these directions. 
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