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Abstract

Ferrochelatase (FECH) is an enzyme necessary for heme synthesis, which is essential for

maintaining normal functions of endothelial nitric oxide synthase (eNOS) and soluble guany-

lyl cyclase (sGC). We tested the hypothesis that inhibition of vascular FECH to attenuate

heme synthesis downregulates eNOS and sGC expression, resulting in impaired NO/

cGMP-dependent relaxation. To this end, isolated bovine coronary arteries (BCAs) were in

vitro incubated without (as controls) or with N-methyl protoporphyrin (NMPP; 10−5–10-7M; a

selective FECH antagonist) for 24 and 72 hours respectively. Tissue FECH activity, heme,

nitrite/NO and superoxide levels were sequentially measured. Protein expression of FECH,

eNOS and sGC was detected by western blot analysis. Vascular responses to various vaso-

active agents were evaluated via isometric tension studies. Treatment of BCAs with NMPP

initiated a time- and dose-dependent attenuation of FECH activity without changes in its

protein expression, followed by significant reduction in the heme level. Moreover, ACh-

induced relaxation and ACh-stimulated release of NO were significant reduced, associated

with suppression of eNOS protein expression in NMPP-treated groups. Decreased relaxa-

tion to NO donor spermine-NONOate reached the statistical significance in BCAs incubated

with NMPP for 72 hours, concomitantly with downregulation of sGCβ1 expression that was

independent of heat shock protein 90 (HSP90), nor did it significantly affect BCA relaxation

caused by BAY 58–2667 that activates sGC in the heme-deficiency. Neither vascular

responses to non-NO/sGC-mediators nor production of superoxide was affected by NMPP-

treatment. In conclusion, deletion of vascular heme production via inhibiting FECH elicits

downregulation of eNOS and sGC expression, leading to an impaired NO-mediated relaxa-

tion in an oxidative stress-independent manner.

Introduction

Heme is an essential prosthetic group for hemoproteins that are involved in multiple physio-

logical processes, including oxygen transport and storage, oxidases and antioxidant defenses,
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mitochondrial respiration and electron transport, drug metabolism and protein biosynthesis,

etc. [1,2]. Ferrochelatase (FECH) is an important rate-limiting enzyme in heme biosynthesis,

during which, FECH operates the last enzymatic reaction by inserting ferrous iron (Fe2+) into

protophorphyrin IX (PpIX) [3–5]. It has been demonstrated that increases in oxidative stress,

as a general consequence of a variety of pathological procedures, impair FECH/heme regula-

tory processes via first, disrupting iron-sulfur clusters on FECH [6,7] to decrease its activity

[8], followed by reduction of heme synthesis. Second, the oxidation of heme present in some

heme-containing enzymes inactivates their enzymatic activity. In this context, oxidation of

soluble guanylyl cyclase (sGC) via converting heme from the ferrous (Fe2+) to ferric (Fe3+)

form has been documented as a key mechanism responsible for the peroxynitrite-dependent

attenuation of sGC activity [9–11]. Furthermore, oxidation of the sGC-heme causes a loss of

NO-stimulated cGMP production, associated with a proteolytic depletion of sGC in some vas-

cular diseases [12]. Heme-containing enzymes of endothelial nitric oxide synthase (eNOS) and

sGC are crucially implicated in the regulation of cGMP-controlled processes by NO, a pathway

that physiologically controls many cellular functions in the cardiovascular system [2,13]. Since

there are differences in sensitivities to the impact of heme deficiencies on the expression of

some hemoproteins [14,15], changes in heme biosyntheses are hypothesized to significantly

interrupt components of eNOS/sGC/cGMP signal transduction. Moreover, we have demon-

strated that in vivo treatment of mice with δ-aminolevulinic acid (ALA), a heme-synthesis

precursor that promotes PpIX-elicited activation of sGC, attenuated hypoxia-induced pulmo-

nary hypertension via preserving sGC/cGMP-dependent vasodilation [16,17]. Additionally,

impaired NO-mediated vasodilator responses of bovine coronary arteries (BCAs), as a func-

tion of angiotensin II (Ang II)-induced up regulation of mitochondrial superoxide elicited

disruption of FECH activity, a response that was normalized by treatment of BCAs with ALA

[18]. Moreover, miR-210 was reported to be able to compromise cardiac heme production by

targeting and inhibiting FECH [5], the study however, did not evaluate responsible functional

changes. Thus, while disrupting heme synthesis by oxidative stress to alter sGC/cGMP signal-

ing has been has been documented by our previous study [18], evidence is lacking indicating

the heme depletion-caused an interruption of eNOS synthesis/expression, as a function of

directly inhibiting FECH to deplete heme. While an in vivo inhibition of heme synthesis initi-

ated significant reductions in systemic nitrite/nitrate excretion and renal NOS activity of rats

[19], it is worth noting that the in vivo intervention of heme synthesis can initiate systemic

changes in multiple signal pathways and/or molecules involved, such as oxidations and anti-

oxidative defense or iron-sulfur cluster scaffold proteins and components of the electron trans-

port chain, etc., all of which may not necessarily be direct consequences of FECH inhibition or

heme loss, but rather a biological complexity that links multiple events operating in concert to

elicit responses observed. Additionally, most previous studies were focused on oxidative stress

that disrupts heme/NO/sGC/cGMP signaling involving both FECH/heme-dependent and

-independent mechanisms. To this end, the present study aimed to test the hypothesis that the

inhibition of FECH, followed by heme deficiency [14] directly downregulates eNOS and sGC

expression to alter NO/cGMP-mediated responses.

Materials and methods

Vessel culture

Freshly isolated bovine hearts were kept in ice-cold PBS and transported to the laboratory

within three hours from a local slaughterhouse (Cohen Max Insel Animal Organs & Tissues

for Research Inc, Livingston, NJ). BCAs were isolated from the branches of left anterior

descending arteries and cut into rings of 2 mm length under a dissecting microscope. BCAs

FECH and heme-containing enzymes
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were then placed in a 12-well dish filled with DMEM (Cellgro), supplemented with 10%

fetal bovine serum (v/v) and 1% antibiotics (Antimycin solution 100x), and incubated in the

absence (as controls) and presence of different concentrations of N-methyl protoporphyrin

(NMPP; 10−7–10-5M; a selective FECH antagonist) (Frontier Scientific, Logan, UT, USA)

under a 5% CO2 atmosphere at 37˚C for 24 and 72 hours respectively. DMEM containing

NMPP was prepared fresh and replaced every 12 hours.

Measurement of ferrochelatase (FECH) activity by HPLC-based assay

BCA rings were pulverized in liquid nitrogen. The crushed samples were mixed with a sam-

ple buffer (0.25 M Tris�HCl buffer, pH 8.2, containing 1% Triton X-100 and 1.75 mM of pal-

mitic acid) in a concentration of 1 mg tissue per 100 μl buffer. Samples were incubated on

ice for 30 min and then centrifuged at 1000 g for 5 min. The supernatant was collected and

protein concentration was measured by Bio-Rad protein assay kit (Bio-Rad Laboratories,

Hercules, CA). 20 μl samples with protein concentration of 0.5 μg/μl were mixed with 5 μl of

protoporphyrin IX (PpIX; 250 μM). The reaction was initiated by adding 5 μl 200 μM zinc

acetate and incubated at 37˚C for 1 hour. After that, 170 μl dimethyl sulfoxide-methanol

(30:70) solution was added to stop the reaction. HPLC measurement of zinc protoporghyrin

(ZnPpIX) was used as an indicative of FECH activity with a Beckman ultrasphere C18 col-

umn (5 μm, 150 × 2 mm), a Jasco FP-1520 fluorescence detector, and 0.5 ml/min acetone-

methanol-water-formic acid (560:240:200:2) as the mobile phase. ZnPpIX was detected

based on the amount of fluorescence observed with excitation and emission wavelengths of

415 and 580 nm, respectively. Standard curves of ZnPpIX (0.1–5 picomole) were generated

using the sample buffer as a vehicle and used to calculate ZnPpIX formation, expressed as

picomoles per mg protein per minute.

Measurement of vascular heme

As described previously [20], BCA rings were washed several times with Krebs solution and

homogenized in 20 mM MOPS and 250mM sucrose buffer. Homogenates were centrifuged at

2,000 g for 5 min, and supernatant were assayed for protein content. 50 μl obtained from a 5

mg protein/ml supernatant were quantified for heme content using the QuantiChrom heme

assay kit (BioAssay Systems, Hayward, CA, USA). The absorbance at 400 nm was detected by

Synergy HT spectrophotometer (BIOTEK, Winooski, Vermont, USA). BCA heme levels were

reported as nanomoles per mg protein.

Western blot analysis

Frozen BCAs were pulverized in liquid N2. Equal amounts of total protein (25 μg) extracted

from samples were loaded on and separated by a 10% SDS-PAGE gel and transferred to a

PVDF membrane. The membrane was probed with specific primary antibodies for FECH

(Abcam, MA), eNOS (Santa Cruz Biotechnology, CA), sGCβ1 (Sigma, MO), vasodilator-

stimulated protein (VASP), phospho-VASP serine 239 (p-VASP) and heat shock protein 90

(HSP90) (Cell Signaling Technology, Danvers, MA), followed by appropriate secondary

antibodies conjugated with horseradish peroxidase. Specific bands were visualized with a

chemiluminescence kit and normalized to GAPDH. For mitochondrial FECH expression, the

mitochondrial protein of voltage-dependent anion channel (VDAC) was used as loading con-

trol. The X-ray film was scanned into a computer and band densitometry was digitalized with

UN-SCAN-IT software.

FECH and heme-containing enzymes
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Isometric tension experiments

The method was described in detail previously [21]. Briefly, isolated BCA rings were mounted

on Danish myograph setups (DMT620M; Danish Myo Technology, Aarhus, Denmark) using

200 μm stainless steel pins and perfused with physiological salt solution (PSS) buffered with

95% air and 5% CO2 at 37˚C. The internal diameter and circumference of each ring was deter-

mined by the length of the ring and the known geometry of pins when the ring was stretched

to a level that generated the least stretching force. The average width (1.69 ± 0.07 mm and 1.61

± 0.06 mm for 24-h cultured groups, 1.55 ± 0.05 mm and 1.57± 0.06 mm for 72-h cultured

groups) and diameter (612.2 ± 46.2 μm and 654.5 ± 46.6 μm for 24-h cultured groups,

575.3 ± 38.9 μm and 583.6 ± 41.4 μm for 72-h cultured groups) of rings were comparable in

control and NMPP-treated rings. Based on the circumference, rings were further stretched in

a stepwise manner to establish a length-tension relationship. Using the length-tension curve, a

baseline force that was equivalent to a wall tension generated under 80 mmHg of intravascular

pressure was calculated and applied to the rings. The average baseline force (23.9 ± 2.9 mN

and 23.7 ± 2.8 mN for 24-h cultured rings, 20.6 ± 2.3 mN and 19.1 ± 2.7 mN for 72-h cultured

rings) and corresponding diameter of stretched rings (1429.4 ± 90.3 μm and 1406.0 ± 83.3 μm

for 24-h cultured vessels, 1248.2 ± 109.5 μm and 1178.1 ± 119.3 μm for 72-h cultured vessels)

were obtained from control and NMPP groups, respectively. All rings were equilibrated under

baseline force in PSS for one hour. In all studies, arterial rings were depolarized with 122 mM

KCl Krebs-bicarbonate buffer (high K+) to stabilize the reactivity of rings, followed by re-equil-

ibration with Krebs-bicarbonate buffer for additional 30 min. Then, the vessels were precon-

tracted with Krebs-bicarbonate containing 30 mM KCl (30K), and subsequently relaxed to

increasing cumulative concentrations of spermine-NONOate (10−8–10-5M), isoproterenol

(10−9–10-5M), acetylcholine (ACh, 10−8–10-5M) and Bay58-2627 (10−9–10-5M; Biovision Inc,

Atlanta, GA) respectively. Data were reported as percentage relaxation of the developed force

generated by 30K.

Basal and stimulated release of NO/nitrite in BCAs

The method was described in detail previously [22]. Briefly, the BCA rings were incubated in

96-well plates with 200 μl Krebs buffer (pH 7.4) with one segment of BCA rings in each well

for at 37˚C for 1 hour. The buffer was collected to assess the baseline level of nitrite. After that,

200 μl Krebs buffer containing 10-6M ACh were added into each well, followed by incubation

of the rings at 37˚C for 1 hour. After that, the buffer was once again collected to assess the

ACh-stimulated nitrite production. Nitrite formation was assessed using 2,3-diaminonaphtha-

lene (DAN) and a HPLC/fluorescence detector-based assay to determine 1-(H)-naphthotria-

zole, a fluorescent product upon the reaction of nitrite and DAN. 20 μl DAN dissolved in N,N-

dimethylformamide (5 mg/ml) and further diluted with 6 N HCl to 0.05 mg/mL, was added to

200 μl of the buffer and incubated for 10 min at room temperature. Then 20 μl of 10 N NaOH

was added. After a centrifugation, 20 μl of supernatant was separated by an HPLC system

(PU-2080 Plus; Jasco) with a C-18 reverse-phase column (Beckman Ultrasphere ODS, 5 μm,

4.6 × 250 mm). The mobile phase was composed of 35% acetonitrile and 50 mmol/L sodium

phosphate buffer (pH 8.5) and run at a flow rate of 0.5 ml/min. The fluorescent signal of 1-

(H)-naphthotriazole was detected at 375 nm (excitation) and 415 nm (emission) with a fluo-

rescence detector (FP2020 Plus; Jasco). The standard curve of sodium nitrite (0–640 μmol/L)

was generated and used to calculate nitrite formation in the sample, expressed as picomoles

per centimeter squared of the internal surface of vessels. The internal surface of BCA rings

were determined by mounting the rings on wire myograph apparatus and stretching rings to a

point that generates the least forces.

FECH and heme-containing enzymes

PLOS ONE | https://doi.org/10.1371/journal.pone.0200307 July 9, 2018 4 / 14

https://doi.org/10.1371/journal.pone.0200307


Vascular superoxide production

As described previously [23], were incubated with dihydroethidium (DHE, 10−5 mol/l) for one

hour, during which the superoxide in the vessels reacted with DHE to form 2-hydroxyethi-

dium (EOH), which was detected by HPLC/fluorescence detector. After incubation with DHE,

the vessels were washed and homogenized in acetonitrile/water (1:1), and then centrifuged for

10 minutes. After centrifuging, the supernatant fraction was collected for HPLC analysis and

the precipitate was used for protein measurement using Bio-Rad Protein Assay (Bio-Rad, Her-

cules, CA). The final concentration of superoxide in each sample was normalized to the pro-

tein contents of their corresponding vessels, and expressed as picomoles of superoxide (EOH)

per microgram of protein.

Statistics

Data are represented as mean ± SEM, and n refers to the number of hearts. Statistical analyses

were performed using GraphPad Prism 6 software (Graph Pad Software Inc., San Diego, CA,

USA). Two-way ANOVA was used to compare dose-dependent vasodilator responses between

the control and NMPP-treated groups. Student’s t-test was used to compare the difference

between two groups. Statistical significance was accepted at a level of p< 0.05.

Results

Inhibition of FECH decreases heme content in BCAs

Fig 1a shows that the incubation of BCAs with NMPP for 24 hours (24-h) significantly reduced

their FECH activity in a dose-dependent manner, compared to control vessels. A time-depen-

dent inhibition of FECH activity by NMPP was also revealed, as indicated by the result that at

each concentration point, the reduced FECH activity was significantly greater in BACs treated

with NMPP for 72-hour (72-h) than those of 24-h. Additionally, 10-7M NMPP, did non-statis-

tically reduce FECH activity in the first 24 hours (P = 0.096), however, a statistically significant

inhibition was observed after extending incubation period to 72 hour (p = 0.031). Because our

preliminary results showed that the high dose of NMPP (10-5M) elicited an impaired vasocon-

strictor response after treating BCAs for 24-hour, whereas an effective inhibitory effect initi-

ated by the low dose of NMPP (10-7M) required a longer treating period. To this end, 10-6M

NMPP was selected as an optimal dose used in following experiments in order to ensure its

pharmacologically sufficient activity without interrupting with vascular contractility. As

shown in Fig 1b, in the presence of 10-6M NMPP, protein expression of FECH was not signifi-

cantly affected in the either group of vessels, suggesting a post-translational inhibition of

FECH. Fig 2 shows a time-dependent reduction in BCA heme levels in response to NMPP

treatment, suggesting the heme synthesis in a FECH-dependent manner.

NMPP reduces endothelium-dependent and –independent relaxation of

BCAs via impairing NO/sGC/VASP pathway

Next, functional evidence of the reduction in FECH activity is depicted in Fig 3. As indicated,

treatment of BCAs with NMPP for 72 hours (d-f) significantly attenuated ACh-induced relaxa-

tions (d), concomitantly associated with significant reductions in both basal and ACh-stimu-

lated release of nitrite/NO (e), verifying the failure of sufficient release of endothelial NO

leading to the impaired endothelium-dependent relaxation. Moreover, NMPP-treated BCAs

for 72-h displayed also, significant declines of spermine-NONOate (NO donor)-induced relax-

ations (f), suggesting impaired endothelium-independent responses attributed to reduction in

NO activating sGC. A similar responsive pattern was also presented in the group treated with

FECH and heme-containing enzymes
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Fig 1. (a) Changes in vascular ferrochelatase (FECH) activity in isolated bovine coronary arteries (BCAs) incubated

with difference doses of N-methyl protoporphyrin (NMPP;10−7, 10−6 and 10-5M) for 24 (24-h) and 72 hours (72-h),

respectively (n = 6–10). �significant difference from their controls. #significant difference from 24-h group. (b)

Original and summarized data for FECH protein expression, normalized to voltage-dependent anion channel (VDAC)

in isolated BCAs incubated with 10-6M NMPP for 24 and 72 hours respectively (n = 3 blots).

https://doi.org/10.1371/journal.pone.0200307.g001

FECH and heme-containing enzymes
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Fig 2. Changes in vascular heme levels in BCAs cultured with NMPP (10-6M) for 24 and 72 hours respectively

(n = 12). �significant difference from controls.

https://doi.org/10.1371/journal.pone.0200307.g002

Fig 3. Changes in vascular relaxations to Acetylcholine (ACh; a & d) and spermine-NONOate (c & f), as well as basal and stimulated release of

nitrite/NO (b & e) in BCA rings cultured with NMPP (10-6M) for 24 (a-c) and 72 (d-f) hours respectively. (n = 12–15). �significant difference from

their controls. #significant difference from baseline controls. † significant difference between the two curves.

https://doi.org/10.1371/journal.pone.0200307.g003

FECH and heme-containing enzymes
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NMPP for 24 hours (a-c), which however, did not reach statistical significance (p = 0.15 and

p = 0.07 by two-way ANOVA for ACh and NONOare-induced dilations, respectively), imply-

ing that a time-dependent treatment was required to observe this action of NMPP. Thus, the

inhibition of vascular FECH (Fig 1) sequentially followed by the decrease in heme production

(Fig 2) appears to alter the heme-containing synthase enzymatic activities of eNOS and sGC,

leading to impaired NO-release and -mediated responses (Fig 3). This conclusion was verified

by data in Fig 4 showing that the inhibition of FECH with NMPP directly suppresses the pro-

tein expression of eNOS (a) and sGC (b). Using phosphor-VASP (at Ser239) as an index of

upstream-located sCG activation confirms a downregulation of p-VASP expression being as a

consequence of sCG inactivation (Fig 3c). Alternatively, NMPP that inhibited heme synthesis

to downregulate sGC did not significantly affect HSP90 expression (Fig 5a), neglecting the

possibility of suppression of sGC expression attributed to an altered expression of HSP90,

which in turn, leads to failure of inserting heme group into the enzyme [24,25]. Moreover, in

order to verify the impaired sGC-mediated relaxation (Fig 3) and sGC downregulation (Fig 4)

being heme-dependent in nature, separate experiments were performed aimed to assess vascu-

lar relaxation to Bay 58–2627, a vasoactive agent that specifically activates heme-depleted form

of sGC [26,27]. As shown in Fig 5b, Bay 58–2627 elicited a comparable dose-dependent relaxa-

tion in the control and NMPP-treated BCAs, revealing a normal vascular response to the heme

deficient component of sGC.

Effects of NMPP on BCA responses to non-NO responsive agents

To document the specificity originating from changes in eNOS/NO/sGC/cGMP signaling as a

function of inhibiting FECH/heme by NMPP, the mechanical properties of BCAs were deter-

mined by assessing their length-tension relationship and vascular responses to NO/sGC-inde-

pendent mediators. Fig 5 summarizes that the control and NMPP-treated BCAs exhibited an

identical response to the mechanical stretch, as indicated by their overlapped length-tension

curves (a & d). Additionally, vascular contractions manifested by the force development to 122

mM and 30 mM KCL respectively, (b & e) and relaxations to isoproterenol (c & f; β-adrenergic

receptor activator of cAMP) were comparable between NMPP-treated and –untreated groups

of BCAs. These results indicate that NMPP-induced changes (Figs 1–3) impact specifically on

vascular FECH/heme/eNOS/sGC signaling. Moreover, NMPP did not elicit changes in BCA

Fig 4. Changes in protein expressions of endothelial nitric oxide synthase (eNOS; a), soluble guanylyl cyclase-subunit 1 (sGCβ1; b) and

phosphorylation of vasodilator-stimulated phosphor-protein (p-VASP; c) in BCAs cultured with NMPP (10-6M) for 24 and 72 hours respectively.

(n = 5 blots for each group). �significant difference from their controls.

https://doi.org/10.1371/journal.pone.0200307.g004

FECH and heme-containing enzymes
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superoxide production (Fig 6), suggesting that the observed changes in vascular function

caused by the NMPP-inhibition of FECH are independent of superoxide production.

Discussion

We provided direct evidence indicating that eNOS and sGC are two independent targets for

NMPP that inhibits FECH-dependent heme synthesis to downregulate eNOS and sGC expres-

sion, leading to impaired NO/sGC/cGMP-mediated vasodilator responses, which are indepen-

dent of vascular oxidative stress. Although accumulating evidence has indicated an oxidation-

dependent alteration of FECH/heme/sGC signaling in vasculatures, characterized as impaired

NO-mediated responses [12,16,18,24,28–30], two important points have not been unaddressed

yet, as what is direct effect of deleting FECH/heme on eNOS expression, and 2) whether an

alternative mechanism independent of oxidative stress is involved. Thus, the present study was

focused on direct correlation between the FECH/heme and two heme-dependent enzymes, via

assessing eNOS and sGC protein expression and activity, as a function of NMPP-inhibition of

FECH/heme without interruptions from oxidative stress.

Inhibition of vascular FECH/heme/eNOS/sGC/cGMP/relaxation by NMPP

We found that chronic incubation of BCAs with NMPP elicited a dose- and time-dependent

reduction in FECH activity, without significant changes in FECH protein expression (Fig 1),

suggesting a posttranslational-based event of NMPP, via most likely, instable of iron-sulfur

cluster assembly machinery of FECH [6]. As a result of inhibitory FECH activity, downstream

production of heme was concomitantly attenuated in a time-dependent manner (Fig 2),

revealing a FECH-specific suppression of heme biosynthesis. The dose of 10-6M NMPP was

selected because of its sufficiently inhibiting NMPP activity and heme production without

affecting normal vascular responsiveness. Functional changes in response to NMPP-induced

reductions in FECH activity and heme synthesis were evidenced by Fig 3 showing that after

Fig 5. Vascular protein expression of HSP90 (a; n = 8 for each group) and relaxation response to BAY58-2627 (b; n = 8 for each group) in BCAs in the

control condition and cultured with NMPP (10-6M) for 72 hours.

https://doi.org/10.1371/journal.pone.0200307.g005
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treatment of BCAs for 72 hours, endothelium-dependent ACh-induced vasodilation and

ACh-stimulated vascular release of NO were significantly attenuated. Moreover, endothelium-

independent relaxation by an exogenous NO donor that directly targets and activates sGC on

vascular smooth muscle to elicit cGMP-mediated relaxation, was also significantly reduced.

Thus, as downstream targets of FECH/heme, both eNOS and sGC are separately affected by

NMPP via inhibiting FECH to block heme synthesis. Noteworthy, functional alterations of

vessels (Fig 3) are correspondingly matched with changes in the heme level (Fig 2) and FECH

activity (Fig 1) as a function of NMPP, expressed as progressively declining relaxation during

24- to 72-hour incubation period, confirming the relationship among FECH, heme, eNOS,

sGC and cGMP in the signal transduction. In consistence with currently published findings

that FECH siRNA prevents ocular neovascularization via deleting FECH-induced angiogenesis

and also partially, suppressing eNOS expression [31], we indicated a direct downregulation of

eNOS expression (Fig 4a), accompanied with suppressing sGC protein expression (Fig 4b) by

NMPP, suggesting that while NMPP interferes with FECH activity at a post-translational level

(Fig 1), it initiates a post-transcritipnal downregulation of eNOS and sGC due perhaps, to

the result of deficient synthesis of heme (Fig 2). In this context, we provided explanations for

reductions in systemic nitrite/nitrate excretion and renal NOS and sGC activities, associated

with altered endothelium-dependent and –independent relaxations of aorta in response to in
vivo deleting heme synthesis of rats [19]. Of note, the significant downregulation of eNOS

in BCAs treated with NMPP for 24 hours (Fig 4a) elicited corresponding reductions in the

ACh-stimulated release of NO (Fig 4b), while vascular relaxation to ACh appeared to be pre-

served (Fig 3a). This phenomenon may attribute to the ACh compensatory release of non-NO

mediator(s), as a function of insufficient NO production, to maintain vascular relaxation [32].

Fig 6. Vascular wall tension in response to stretch-induced changes in radius (a & d), force development in response to stimulation with 122 mM

KCl (HK) and 30 mM KCl (30K) (b & e), and vascular relaxations to isoproterenol (c & f) in BCA rings cultured with NMPP (10-6M) for 24 (a-c)

and 72 (d-f) hours respectively. (n = 11–14).

https://doi.org/10.1371/journal.pone.0200307.g006
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Alternatively, the downregulation of sGC expression in response to NMPP treatment (Fig 4b)

did reflect corresponding impairment in its activity (Fig 3c). Consistently, a significant sup-

pression of vascular VASP phosphorylation by NMPP-treatement (Fig 4c) confirms the FECH

inhibition-dependent inactivation of sCG. Moreover, sufficient synthesis/level of heme is

essential for the maintenance of normal sGC function, which has been demonstrated in our

studies indicating a NMPP-induced reduction of heme synthesis, leading to the damage of

sCG function (Figs 1–4). Additionally, heme insertion also plays key roles during maturation

of sGC, a response that is driven by HSP90 [25,33], and inhibition of HSP90 is able to attenuate

sGC activity via increasing its degradation [34]. In our studies, the impaired sGC activity was

independent of HSP90-mediated pathway because NMPP did not change HSP90 expression

(Fig 5a) and activation of HSP90–associated heme-deficient (apo) sGC by BAY58-2627

remained normal in NMPP-treated BCAs (Fig 5b). This confirms our conclusions that the

impaired sGC is driven directly by NMPP inhibition of heme production.

NMPP-elicited changes in FECH/heme/eNOS/sGC/cGMP signaling

independent of oxidative stress, changes in vascular property and cAMP-

mediated pathway

As demonstrated (Fig 6), neither vessel responses to mechanical stretch (a & d) or smooth

muscle depolarization by high potassium (b & e), nor isoproterenol-induced cAMP-mediated

relaxation (c & f) was affected by NMPP treatment, verifying the specificity of NMPP-inhibi-

tion of vascular FECH/heme/eNOS/sGC/cGMP signaling. On the other hand, as a key player

in the mediation of cardiovascular dysfunction, oxidative stress potentially insults heme bio-

synthesis, via perhaps, disrupting FECH Fe-S cluster [7], a specific structure that is indispens-

able for maintaence of FECH stability and activity [6]. The consequences arising therefrom,

are characterized as the attenuation of heme-containing enzyme synthesis. Indeed, the one of

mechanisms responsible for oxidative stress-dependent deletion of sGC is considered to be

Fig 7. Vascular superoxide production, indicated by 2-hydroxyethidium levels in BCAs cultured with NMPP

(10-6M) for 24 and 72 hours respectively. n = 8.

https://doi.org/10.1371/journal.pone.0200307.g007
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due to an oxidation of sGC heme moiety-induced heme detachment from the enzyme, the

response that facilitates degradation of the enzyme by the ubiquitin-proteasome proteinlysis

pathway [35,36]. Moreover, the oxidant-dependent inactivate NO bioavailability has been well

documented [37]. Alternatively, aimed to identify a direct inhibition of FECH by NMPP in an

oxidative stress-independent manner, the present study was conducted on a physiologically-

based in vitro condition. The well preserved vascular responsiveness (Fig 6) and unchanged

vascular superoxide level (Fig 7) in BCAs treated with NMPP up to three days verify a specific

feature of the study, which differs from our, as well as others’ previous studies showing primar-

ily a superoxide-dependent deletion of sGC activity [9,10,16,18,29].

In conclusion, we provided direct evidence for the deletion of vascular heme production, as

a function of inhibiting EFCH without interference from oxidative stress, elicit deficiency of

downstream-located eNOS and sGC synthesis and activity, leading to impaired coronary vaso-

dilator responses specifically mediated by cGMP. Our findings shed light on the physiological

significance of FECH/heme involved in essentially operating vascular function. In addition,

during some pathological processes, FECH may serve as a therapeutic target with its activator

(s) to favor and/or preserve eNOS/sGC/cGMP-mediated vascular functions.

Supporting information

S1 Experimental Data.

(XLSX)

Author Contributions

Conceptualization: Bin Zhang, Norah Alruwaili, An Huang, Michael S. Wolin, Dong Sun.

Data curation: Bin Zhang, Norah Alruwaili, Sharath Kandhi, Wensheng Deng.

Formal analysis: Bin Zhang, Norah Alruwaili.

Funding acquisition: An Huang, Michael S. Wolin, Dong Sun.

Investigation: Bin Zhang, Norah Alruwaili, Sharath Kandhi, Wensheng Deng, An Huang,

Michael S. Wolin, Dong Sun.

Methodology: Bin Zhang, Norah Alruwaili, Sharath Kandhi, Dong Sun.

Project administration: An Huang, Michael S. Wolin, Dong Sun.

Resources: Michael S. Wolin, Dong Sun.

Software: Sharath Kandhi.

Supervision: Dong Sun.

Validation: Bin Zhang, Norah Alruwaili, An Huang, Dong Sun.

Visualization: Bin Zhang, Norah Alruwaili, An Huang, Dong Sun.

Writing – original draft: Bin Zhang, Norah Alruwaili, An Huang.

Writing – review & editing: Bin Zhang, Norah Alruwaili, Sharath Kandhi, Wensheng Deng,

An Huang, Michael S. Wolin, Dong Sun.

References
1. Immenschuh S, Vijayan V, Janciauskiene S, Gueler F. Heme as a Target for Therapeutic Interventions.

Front Pharmacol. 2017; 8: 146. https://doi.org/10.3389/fphar.2017.00146 PMID: 28420988

FECH and heme-containing enzymes

PLOS ONE | https://doi.org/10.1371/journal.pone.0200307 July 9, 2018 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200307.s001
https://doi.org/10.3389/fphar.2017.00146
http://www.ncbi.nlm.nih.gov/pubmed/28420988
https://doi.org/10.1371/journal.pone.0200307


2. Sawicki KT, Chang HC, Ardehali H. Role of heme in cardiovascular physiology and disease. J Am Heart

Assoc. 2015; 4: e001138. https://doi.org/10.1161/JAHA.114.001138 PMID: 25559010

3. Ajioka RS, Phillips JD, Kushner JP. Biosynthesis of heme in mammals. Biochim Biophys Acta. 2006;

1763: 723–736. https://doi.org/10.1016/j.bbamcr.2006.05.005 PMID: 16839620

4. Hamza I, Dailey HA. One ring to rule them all: trafficking of heme and heme synthesis intermediates in

the metazoans. Biochim Biophys Acta. 2012; 1823: 1617–1632. https://doi.org/10.1016/j.bbamcr.

2012.04.009 PMID: 22575458

5. Qiao A, Khechaduri A, Kannan MR, Wu R, Nagpal V, Ardehali H. MicroRNA-210 decreases heme levels

by targeting ferrochelatase in cardiomyocytes. J Am Heart Assoc. 2013; 2: e000121. https://doi.org/10.

1161/JAHA.113.000121 PMID: 23608607

6. Crooks DR, Ghosh MC, Haller RG, Tong WH, Rouault TA. Posttranslational stability of the heme bio-

synthetic enzyme ferrochelatase is dependent on iron availability and intact iron-sulfur cluster assembly

machinery. Blood. 2010; 115: 860–869. https://doi.org/10.1182/blood-2009-09-243105 PMID:

19965627

7. Missirlis F, Hu J, Kirby K, Hilliker AJ, Rouault TA, Phillips JP. Compartment-specific protection of iron-

sulfur proteins by superoxide dismutase. J Biol Chem. 2003; 278: 47365–47369. https://doi.org/10.

1074/jbc.M307700200 PMID: 12972424

8. Case AJ, Madsen JM, Motto DG, Meyerholz DK, Domann FE. Manganese superoxide dismutase

depletion in murine hematopoietic stem cells perturbs iron homeostasis, globin switching, and epige-

netic control in erythrocyte precursor cells. Free Radic Biol Med. 2013; 56: 17–27. https://doi.org/10.

1016/j.freeradbiomed.2012.11.018 PMID: 23219873

9. Gupte SA, Rupawalla T, Phillibert D Jr, Wolin MS. NADPH and heme redox modulate pulmonary artery

relaxation and guanylate cyclase activation by NO. Am J Physiol. 1999; 277: L1124–L1132. PMID:

10600882

10. Gupte SA, Rupawalla T, Mohazzab H, Wolin MS. Regulation of NO-elicited pulmonary artery relaxation

and guanylate cyclase activation by NADH oxidase and SOD. Am J Physiol. 1999; 276: H1535–H1542.

PMID: 10330236

11. Stasch JP, Pacher P, Evgenov OV. Soluble guanylate cyclase as an emerging therapeutic target in car-

diopulmonary disease. Circulation. 2011; 123: 2263–2273. https://doi.org/10.1161/

CIRCULATIONAHA.110.981738 PMID: 21606405

12. Stasch JP, Schmidt PM, Nedvetsky PI, Nedvetskaya TY, AK HS, Meurer S et al. Targeting the heme-

oxidized nitric oxide receptor for selective vasodilatation of diseased blood vessels. J Clin Invest. 2006;

116: 2552–2561. https://doi.org/10.1172/JCI28371 PMID: 16955146

13. Kluge MA, Fetterman JL, Vita JA. Mitochondria and endothelial function. Circ Res. 2013; 112: 1171–

1188. https://doi.org/10.1161/CIRCRESAHA.111.300233 PMID: 23580773

14. Atamna H, Liu J, Ames BN. Heme deficiency selectively interrupts assembly of mitochondrial complex

IV in human fibroblasts: revelance to aging. J Biol Chem. 2001; 276: 48410–48416. https://doi.org/10.

1074/jbc.M108362200 PMID: 11598132

15. Atamna H, Killilea DW, Killilea AN, Ames BN. Heme deficiency may be a factor in the mitochondrial and

neuronal decay of aging. Proc Natl Acad Sci U S A. 2002; 99: 14807–14812. https://doi.org/10.1073/

pnas.192585799 PMID: 12417755

16. Alhawaj R, Patel D, Kelly MR, Sun D, Wolin MS. Heme biosynthesis modulation via delta-aminolevulinic

acid administration attenuates chronic hypoxia-induced pulmonary hypertension. Am J Physiol Lung

Cell Mol Physiol. 2015; 308: L719–L728. https://doi.org/10.1152/ajplung.00155.2014 PMID: 25659899

17. Patel D, Alhawaj R, Wolin MS. Exposure of mice to chronic hypoxia attenuates pulmonary arterial con-

tractile responses to acute hypoxia by increases in extracellular hydrogen peroxide. Am J Physiol Regul

Integr Comp Physiol. 2014; 307: R426–R433. https://doi.org/10.1152/ajpregu.00257.2013 PMID:

24920729

18. Patel D, Alhawaj R, Kelly MR, Accarino JJ, Lakhkar A, Gupte SA et al. Potential role of mitochondrial

superoxide decreasing ferrochelatase and heme in coronary artery soluble guanylate cyclase depletion

by angiotensin II. Am J Physiol Heart Circ Physiol. 2016; 310: H1439–H1447. https://doi.org/10.1152/

ajpheart.00859.2015 PMID: 27037373

19. Bourque SL, Benjamin CD, Adams MA, Nakatsu K. Lack of hemodynamic effects after extended heme

synthesis inhibition by succinylacetone in rats. J Pharmacol Exp Ther. 2010; 333: 290–296. https://doi.

org/10.1124/jpet.109.162966 PMID: 20071481

20. Mingone CJ, Gupte SA, Chow JL, Ahmad M, Abraham NG, Wolin MS. Protoporphyrin IX generation

from delta-aminolevulinic acid elicits pulmonary artery relaxation and soluble guanylate cyclase activa-

tion. Am J Physiol Lung Cell Mol Physiol. 2006; 291: L337–L344. https://doi.org/10.1152/ajplung.

00482.2005 PMID: 16899710

FECH and heme-containing enzymes

PLOS ONE | https://doi.org/10.1371/journal.pone.0200307 July 9, 2018 13 / 14

https://doi.org/10.1161/JAHA.114.001138
http://www.ncbi.nlm.nih.gov/pubmed/25559010
https://doi.org/10.1016/j.bbamcr.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16839620
https://doi.org/10.1016/j.bbamcr.2012.04.009
https://doi.org/10.1016/j.bbamcr.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22575458
https://doi.org/10.1161/JAHA.113.000121
https://doi.org/10.1161/JAHA.113.000121
http://www.ncbi.nlm.nih.gov/pubmed/23608607
https://doi.org/10.1182/blood-2009-09-243105
http://www.ncbi.nlm.nih.gov/pubmed/19965627
https://doi.org/10.1074/jbc.M307700200
https://doi.org/10.1074/jbc.M307700200
http://www.ncbi.nlm.nih.gov/pubmed/12972424
https://doi.org/10.1016/j.freeradbiomed.2012.11.018
https://doi.org/10.1016/j.freeradbiomed.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23219873
http://www.ncbi.nlm.nih.gov/pubmed/10600882
http://www.ncbi.nlm.nih.gov/pubmed/10330236
https://doi.org/10.1161/CIRCULATIONAHA.110.981738
https://doi.org/10.1161/CIRCULATIONAHA.110.981738
http://www.ncbi.nlm.nih.gov/pubmed/21606405
https://doi.org/10.1172/JCI28371
http://www.ncbi.nlm.nih.gov/pubmed/16955146
https://doi.org/10.1161/CIRCRESAHA.111.300233
http://www.ncbi.nlm.nih.gov/pubmed/23580773
https://doi.org/10.1074/jbc.M108362200
https://doi.org/10.1074/jbc.M108362200
http://www.ncbi.nlm.nih.gov/pubmed/11598132
https://doi.org/10.1073/pnas.192585799
https://doi.org/10.1073/pnas.192585799
http://www.ncbi.nlm.nih.gov/pubmed/12417755
https://doi.org/10.1152/ajplung.00155.2014
http://www.ncbi.nlm.nih.gov/pubmed/25659899
https://doi.org/10.1152/ajpregu.00257.2013
http://www.ncbi.nlm.nih.gov/pubmed/24920729
https://doi.org/10.1152/ajpheart.00859.2015
https://doi.org/10.1152/ajpheart.00859.2015
http://www.ncbi.nlm.nih.gov/pubmed/27037373
https://doi.org/10.1124/jpet.109.162966
https://doi.org/10.1124/jpet.109.162966
http://www.ncbi.nlm.nih.gov/pubmed/20071481
https://doi.org/10.1152/ajplung.00482.2005
https://doi.org/10.1152/ajplung.00482.2005
http://www.ncbi.nlm.nih.gov/pubmed/16899710
https://doi.org/10.1371/journal.pone.0200307


21. Kandhi S, Zhang B, Froogh G, Qin J, Alruwaili N, Le Y et al. EETs promote hypoxic pulmonary vasocon-

striction via constrictor prostanoids. Am J Physiol Lung Cell Mol Physiol. 2017; 313: L350–L359.

https://doi.org/10.1152/ajplung.00038.2017 PMID: 28450284

22. Huang A, Yang YM, Yan C, Kaley G, Hintze TH, Sun D. Altered MAPK signaling in progressive deterio-

ration of endothelial function in diabetic mice. Diabetes. 2012; 61: 3181–3188. https://doi.org/10.2337/

db12-0559 PMID: 22933112

23. Yang YM, Huang A, Kaley G, Sun D. eNOS uncoupling and endothelial dysfunction in aged vessels.

Am J Physiol Heart Circ Physiol. 2009; 297: H1829–H1836. https://doi.org/10.1152/ajpheart.00230.

2009 PMID: 19767531

24. Ghosh A, Chawla-Sarkar M, Stuehr DJ. Hsp90 interacts with inducible NO synthase client protein in its

heme-free state and then drives heme insertion by an ATP-dependent process. FASEB J. 2011; 25:

2049–2060. https://doi.org/10.1096/fj.10-180554 PMID: 21357526

25. Ghosh A, Stuehr DJ. Soluble guanylyl cyclase requires heat shock protein 90 for heme insertion during

maturation of the NO-active enzyme. Proc Natl Acad Sci U S A. 2012; 109: 12998–13003. https://doi.

org/10.1073/pnas.1205854109 PMID: 22837396

26. Irvine JC, Ganthavee V, Love JE, Alexander AE, Horowitz JD, Stasch JP et al. The soluble guanylyl

cyclase activator bay 58–2667 selectively limits cardiomyocyte hypertrophy. PLoS One. 2012; 7:

e44481. https://doi.org/10.1371/journal.pone.0044481 PMID: 23144773

27. Stasch JP, Pacher P, Evgenov OV. Soluble guanylate cyclase as an emerging therapeutic target in car-

diopulmonary disease. Circulation. 2011; 123: 2263–2273. https://doi.org/10.1161/

CIRCULATIONAHA.110.981738 PMID: 21606405

28. da Guarda CC, Santiago RP, Pitanga TN, Santana SS, Zanette DL, Borges VMet al. Heme changes

HIF-alpha, eNOS and nitrite production in HUVECs after simvastatin, HU, and ascorbic acid therapies.

Microvasc Res. 2016; 106: 128–136. https://doi.org/10.1016/j.mvr.2016.04.002 PMID: 27089822

29. Priviero FB, Webb RC. Heme-dependent and independent soluble guanylate cyclase activators and

vasodilation. J Cardiovasc Pharmacol. 2010; 56: 229–233. https://doi.org/10.1097/FJC.

0b013e3181eb4e75 PMID: 20571429

30. Zhang H, Lu M, Zhang Y, Li Z. Primary response of the sGC heme binding domain to the cleavage of

the Fe-His bond. Bioinformation. 2008; 2: 296–300. PMID: 18478082

31. Basavarajappa HD, Sulaiman RS, Qi X, Shetty T, Sheik Pran BS, Sishtla KL et al. Ferrochelatase is a

therapeutic target for ocular neovascularization. EMBO Mol Med. 2017; 9: 786–801. https://doi.org/10.

15252/emmm.201606561 PMID: 28377496

32. Huang A, Sun D, Smith CJ, Connetta JA, Shesely EG, Koller A et al. In eNOS knockout mice skeletal

muscle arteriolar dilation to acetylcholine is mediated by EDHF. Am J Physiol Heart Circ Physiol. 2000;

278: H762–H768. https://doi.org/10.1152/ajpheart.2000.278.3.H762 PMID: 10710344

33. Ghosh A, Stasch JP, Papapetropoulos A, Stuehr DJ. Nitric oxide and heat shock protein 90 activate sol-

uble guanylate cyclase by driving rapid change in its subunit interactions and heme content. J Biol

Chem. 2014; 289: 15259–15271. https://doi.org/10.1074/jbc.M114.559393 PMID: 24733395

34. Nedvetsky PI, Meurer S, Opitz N, Nedvetskaya TY, Muller H, Schmidt HH. Heat shock protein 90 regu-

lates stabilization rather than activation of soluble guanylate cyclase. FEBS Lett. 2008; 582: 327–331.

https://doi.org/10.1016/j.febslet.2007.12.025 PMID: 18155168

35. Meurer S, Pioch S, Pabst T, Opitz N, Schmidt PM, Beckhaus T et al. Nitric oxide-independent vasodila-

tor rescues heme-oxidized soluble guanylate cyclase from proteasomal degradation. Circ Res. 2009;

105: 33–41. https://doi.org/10.1161/CIRCRESAHA.109.198234 PMID: 19478201

36. Tawa M, Okamura T. Soluble guanylate cyclase redox state under oxidative stress conditions in iso-

lated monkey coronary arteries. Pharmacol Res Perspect. 2016; 4: e00261. https://doi.org/10.1002/

prp2.261 PMID: 27713826

37. Wolin MS. Reactive oxygen species and the control of vascular function. Am J Physiol Heart Circ Phy-

siol. 2009; 296: H539–H549. https://doi.org/10.1152/ajpheart.01167.2008 PMID: 19151250

FECH and heme-containing enzymes

PLOS ONE | https://doi.org/10.1371/journal.pone.0200307 July 9, 2018 14 / 14

https://doi.org/10.1152/ajplung.00038.2017
http://www.ncbi.nlm.nih.gov/pubmed/28450284
https://doi.org/10.2337/db12-0559
https://doi.org/10.2337/db12-0559
http://www.ncbi.nlm.nih.gov/pubmed/22933112
https://doi.org/10.1152/ajpheart.00230.2009
https://doi.org/10.1152/ajpheart.00230.2009
http://www.ncbi.nlm.nih.gov/pubmed/19767531
https://doi.org/10.1096/fj.10-180554
http://www.ncbi.nlm.nih.gov/pubmed/21357526
https://doi.org/10.1073/pnas.1205854109
https://doi.org/10.1073/pnas.1205854109
http://www.ncbi.nlm.nih.gov/pubmed/22837396
https://doi.org/10.1371/journal.pone.0044481
http://www.ncbi.nlm.nih.gov/pubmed/23144773
https://doi.org/10.1161/CIRCULATIONAHA.110.981738
https://doi.org/10.1161/CIRCULATIONAHA.110.981738
http://www.ncbi.nlm.nih.gov/pubmed/21606405
https://doi.org/10.1016/j.mvr.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27089822
https://doi.org/10.1097/FJC.0b013e3181eb4e75
https://doi.org/10.1097/FJC.0b013e3181eb4e75
http://www.ncbi.nlm.nih.gov/pubmed/20571429
http://www.ncbi.nlm.nih.gov/pubmed/18478082
https://doi.org/10.15252/emmm.201606561
https://doi.org/10.15252/emmm.201606561
http://www.ncbi.nlm.nih.gov/pubmed/28377496
https://doi.org/10.1152/ajpheart.2000.278.3.H762
http://www.ncbi.nlm.nih.gov/pubmed/10710344
https://doi.org/10.1074/jbc.M114.559393
http://www.ncbi.nlm.nih.gov/pubmed/24733395
https://doi.org/10.1016/j.febslet.2007.12.025
http://www.ncbi.nlm.nih.gov/pubmed/18155168
https://doi.org/10.1161/CIRCRESAHA.109.198234
http://www.ncbi.nlm.nih.gov/pubmed/19478201
https://doi.org/10.1002/prp2.261
https://doi.org/10.1002/prp2.261
http://www.ncbi.nlm.nih.gov/pubmed/27713826
https://doi.org/10.1152/ajpheart.01167.2008
http://www.ncbi.nlm.nih.gov/pubmed/19151250
https://doi.org/10.1371/journal.pone.0200307

	Inhibition of Ferrochelatase Impairs Vascular eNOS/NO and sGC/cGMP Signaling
	Recommended Citation
	Authors

	Inhibition of ferrochelatase impairs vascular eNOS/NO and sGC/cGMP signaling

