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Background: Glycemic disorders are strong predictors of mortality in ST-elevation myo-
cardial infarction (STEMI) patients, and disruption in nitric oxide (NO) production is
associated with insulin-resistant states. We evaluated whether a defective allele of the
neuronal nitric oxide synthase (nNOS) gene (NOS!) might influence insulin response and
blood-glucose balance during the acute phase of STEMI and if post-infarction total plasma-
NO levels and vasodilation scores varied across nNOS genotypes.

Methods: Consecutive patients with STEMI (n=354) underwent clinical evaluations and
genotyping for the promoter variation rs41279104. In-hospital clinical and blood evaluations
were performed at admission and five days after STEMI, with glycemic, insulinemic, and
disposition indices assessed at the same times. Flow-mediated dilation (FMD) was assessed
by reactive hyperemia on the 30th day.

Results: Homozygotes for the defective allele (A) showed lower glycemia and insulin sensi-
tivity on day 1 while showing the highest B-cell function and no changes in the circulating NO
pool, which is compatible with hyperresponsive  cells counteracting the inherent glucose-
resistant state of AA patients. At day 5, glycemic scores had shifted to indicate greater insulin
sensitivity among A homozygotes, paralleled by a significant yet poor increase in NO bioavail-
ability compared to that among G carriers. All in all, defective homozygotes showed greater
insulin resistance at admission that had reversed by 5 days after STEMI. Even so, A carriers
developed lower FMD scores compared to G homozygotes after the acute phase.

Conclusion: A defective nNOS allele (and due decline in NO production) seemed to elicit a
hyperinsulinemia response to compensate for an insulin-resistant state during the acute phase
of STEMI and to be associated with poor endothelial function after the acute phase.
Keywords: nitric oxide, insulin, blood glucose, vasodilation, polymorphism, myocardial
infarction

Introduction

Myocardial infarction (MI) is a stressful condition that predisposes individuals to a
significant increase in blood-glucose levels. Hyperglycemia prevails in up to 50%
of all patients with ST-elevation MI (STEMI), though only 20%-25% have been
diagnosed with diabetes mellitus.! Mechanistically, insulin resistance causes proin-
flammatory and procoagulant states that can enhance myocardial injury from
excessive coronary constriction, endothelial dysfunction, and platelet aggregation.
As such, hyperglycemia is an independent predictor of mortality in STEMI,> with
clinical and observational data confirming that normalization of blood glucose is
associated with improved outcomes and survival.*
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Nitric oxide (NO) is a key molecule during ischemic
disorders, due to its beneficial effects in controlling myo-
cardial contractility, limiting cardiac remodeling after MI,
and promoting vasodilation.” However, NO production
plays a central role not only in ischemic conditions but
also in insulin metabolism. Pharmacological inhibition of
murine NO production induces in vivo insulin resistance in
skeletal and cardiac muscles and adipose tissue.® Similarly,
disruptions in endothelial and neuronal NO synthase
(nNOS) genes (NOS3 and NOSI, respectively) also cause
insulin resistance in mice.”® In humans, diminished NO
production has been associated with insulin-resistant sta-
tus, such as type 2 diabetes mellitus, obesity, hypertension,
and dyslipidemia.” "

Several single-nucleotide polymorphisms (SNPs) have
been explored by observational studies throughout the

12,1
13 and based on

globe on the subject of insulin resistance,
the contribution of these, systematic reviews and meta-ana-
lysis studies can be built. No genome-wide study has so far
addressed the genetics of glycemic homeostasis in the
immediate post-MI phase. nNOS is a constitutive enzyme
mainly expressed in the central nervous system that is impli-
cated in autonomic regulation of heart rhythm, microcircula-
tion, and contractility.'* Given that the nNOS promoter
region SNP rs41279104 decreases gene expression by 30%

. . . . 15.1
in vitro and 50% in vivo, 516

we decided to investigate
whether this surrogate for NO production might influence
glycemic and insulinemic scores during the in-hospital acute

phase of STEMI and post-STEMI endothelial function.

Methods

Participants and Study Design

The Brazilian Heart Study (BHS), an observational prospec-
tive cohort registered at ClinicalTrials.gov
(NCT02062554)'7 comprising 354 participants. Briefly, con-
secutive STEMI patients admitted to the Acute Coronary
Care Unit at the Hospital de Base do Distrito Federal
(Brazil) who met these inclusion criteria were enrolled: <24
hours from the onset of MI symptoms, ST-segment elevation
>1 mm (frontal plane) or 2 mm (horizontal) in contiguous
leads, and myocardial necrosis evidenced by scores >99th
percentile of the reference limit for creatine kinase (CK)-MB
(25 U/L) and troponin I (0.04 ng/mL), followed by a decline
in both. The main exclusion criteria were any cognitive
impairment that precluded responses to medical queries
and/or the occurrence of neoplastic disease, chronic renal
failure, severe liver disease, or heart failure (based on

available clinical, laboratory, and/or image evaluations) con-
comitant with the STEMI episode.

A complete medical evaluation was performed upon
admission (D1), with patients followed in hospital until the
fifth day (D5) after MI. Attending physicians decided on
each medical treatment, including the choice of reperfu-
sion therapy, without influence from the investigation
team. Functional endothelial vascular reactivity was
assessed 30 days after STEMI.

Clinical Evaluation

In the first 24 hours after the onset of symptoms, a stan-
dardized interview was performed to assess medical his-
tory, all drugs currently used, and lifestyle factors. To
assist these assessments, blood samples were taken.
Hypertension was defined either by use of antihyperten-
sive drugs prior to hospital admission or by repeatedly
elevated blood pressure >140/90 mmHg during the hospi-
tal stay. Diabetes was defined by use of hypoglycemic
drugs and/or insulin, fasting blood glucose >126 mg/dL,
or glycated hemoglobin (HbA.) >6.5%. Current smoking
was defined as one or more cigarettes a day for >1 year
before the coronary event. Former smoking was defined as
smoking cessation for at least 6 months prior to hospitali-
zation. Sedentary lifestyle was defined as not practicing
physical activities >30 minutes over at least 4 days a week.
Drugs with vasodilation effects were defined by in-hospi-
tal use of calcium-channel blockers, angiotensin-receptor
blockers, and/or angiotensin converting—enzyme inhibi-
tors. Nitrates were not included by ruling out from ana-
lyses participants exposed to these drugs during
hospitalization. Medical and biochemical assessments
were repeated as clinically needed during the hospital
stay, with glycemic scores being necessarily reassessed

at D5.

Biochemical Analyses

Blood samples were drawn at admission and a second
round of clinical biochemistry assays done on D5 after a
12-hour overnight fast. Samples in EDTA were centrifuged
at 4,500 rpm for 15 minutes at 5°C, and plasma was used
in an automatic chemical analyzer to yield assessments in
duplicate of glucose, HbA,,, insulin, C-peptide, triglycer-
ides, total cholesterol, high density—lipoprotein choles-
terol, creatinine, ultrasensitive C, troponin, and CK-MB
with reagents from Roche Diagnostics (Mannheim,
Germany), Bio-Rad Laboratories (Hercules, USA), or
Dade Low density—

Behring (Marburg, Germany).
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lipoprotein cholesterol was calculated by the Friedewald
formula. Estimated glomerular filtration rate (mL/min/1.73
m”) was calculated by the Chronic Kidney Disease—
Epidemiology Collaboration equation: 141 x min (SCr x
0.0113/k, 1)* x max (SCr x 0.0113/k, 1)"'2% x 0.993%¢° x
1.018 (if female) x 1.159 (if black), where SCr is serum
creatinine, k is 0.7 for females and 0.9 for males, and a is
—0.329 for females and —0.411 for males.

Glucose Homeostasis-Model Assessment
The Homeostasis Model Assessment (HOMA) Calculator
version 2.2.2, was used to assess insulin sensitivity
(HOMAZ2S) based on plasma insulin and B-cell function
(HOMAZ2B) and plasma C-peptide'® in all enrolled parti-
cipants. The disposition index (DI) was calculated as
(HOMA2B x HOMAZ2S)/100.

DNA Extraction and Analysis

Genomic DNA was obtained from peripheral blood leuko-
cytes. The rs41279104 NOSI SNP was genotyped using a
PCR-restriction fragment-length polymorphism method
originally published elsewhere.'® Briefly, GenBank was
searched for the NOSI gene (NG _011991.2) and a pair
of primers was designed to amplify a 150 bp fragment
with the SNP of interest (—84 G/A, forward 5'-
CTGACTGCCCTTGTCTCTCC-3" and reverse 5'-
GCGACTGGGGTTTAATTGAC-3"). Each reaction (25
uL) was composed of 100 ng DNA, 25 mM Tris-HCI pH
8.3, 75 mM KCI, 1.5 mM MgCl,, 0.2 uM of each primer,
0.2 uM of each dNTP, 0.25 mg/mL ovalbumin and 0.5 U
Taq polymerase (Phoneutria, Minas Gerais, Brazil).
Amplification had an initial denaturation at 94°C for 2
minutes, followed by 36 cycles of denaturation at 94°C
for 40 seconds, annealing at 63°C for 45 seconds, and
extension at 72°C for 50 seconds, followed by a final
extension at 72°C for 5 minutes. Enzymatic digestion
was carried out at 37°C overnight in 15 pL using 0.1 U
Fnu4HI (New England BioLabs, USA) to yield two frag-
ments (92 and 58 bp) visible under electrophoresis in 2.2%
agarose gel.

Measurement of Total NO/Nitrite/
Nitrate

For quantification of total serum levels of NO, the Griess
diazotization reaction based on conversion of nitrate to
nitrite (NO®") by nitrate reductase was employed, per-
formed following the manufacturer’s instructions (R&D

Systems), with readings done by colorimetric detection in
a Biotek ELX 800 (DeMorellis) device, set at a 540 nm
wavelength.

Brachial Artery Reactivity
Endothelial-dependent vasodilation was assessed by ische-
mia-induced reactive hyperemia on the 30th day post-
STEMI after 12-hour overnight fasting and 24 hours
after withdrawal of vasoactive drugs.’’ Briefly, after 10
minutes of rest, longitudinal images of the brachial artery
were taken by an experienced physician blinded to the
patient’s history using ultrasound with a high-resolution
linear transducer (IE33, 3-9 MHz transducer, Philips
Medical Systems) synchronized with electrocardiogram
monitoring and participants in a supine position. A
blood-pressure cuff placed on the forearm was inflated to
50 mmHg above the systolic pressure for 5 minutes and
then deflated. The flow-mediated dilation (FMD) was
scanned for 2 minutes and the change in diameter calcu-
lated in comparison to the resting state.

Statistical Analyses

Assumptions for parametric models (linearity, normality of
distribution, and equal variance) were checked using his-
tograms, normal-probability plots, and residual scatterplots
by means of the Kolmogorov—Smirnov test. Normally
distributed and skewed baseline data were compared
using ANOVA or the Kruskal-Wallis test, respectively,
with Tukey’s post hoc test if necessary. ANCOVA was
used to adjust the association of the SNP rs41279104
with glycemic and insulinemic scores, as well as with
NO levels and brachial artery reactivity for confounding
factors, such as age, sex, diabetes mellitus, peak CK-MB,
and in-hospital use of drugs as appropriate to each case.
Changes between D1 and D5 were additionally adjusted
for baseline levels to attenuate the effect of regression
toward the mean. Categorical data were tested using the
#x1D712;% test. Two-sided p<0.05 was considered statisti-
with performed using

cally significant, analyses

SPSS 25.0.

Results

There were no significant differences in baseline traits,
such as age, sex, anthropometry, and clinical history, or
in terms of in-hospital laboratory profile and treatment
practices between genotypes (Table 1). More importantly,
cases previously diagnosed with diabetes mellitus, arterial
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Table | Baseline data
rs41279104 polymorphism p
GG GA AA
Participants, n (%) 208 (59) 114 (32) 32 (9)
Age, years 5911 61l 59+9 0.450
Gender: Male, n(%) 160 (77) 85 (74) 24 (75) 0.885
Body-mass index, kglm2 26.7£5.0 25.6+5.1 27.7%7.7 0.280
Waist circumference, cm
Women 96x14 93+10 93+24 0.527
Men 96x14 95+13 100£18 0.227
Diabetes mellitus, n (%) 39 (19) 26 (23) 6 (19) 0.635
Hypertension, n (%) 123 (59) 70 (61) 20 (62) 0.845
Previous MI, n (%) 19 (9) 15 (13) 309 0.492
Previous stroke, n (%) 94 54) 4 (12) 0.140
Current smoking, n (%) 77 (37) 42 (37) 10 31) 0.794
Former smoking, n (%) 64 (31) 31 (27) 12 (38) 0.491
Sedentary lifestyle, n (%) 116 (56) 61 (54) 21 (66) 0.525
HbA,., % 5.9+0.9 6.1x1.4 6.1+0.8 0.162
HDL-C, mg/dL 37£13 36x14 39£18 0.494
LDL-C, mg/dL 118+57 125+57 124+58 0.314
Triglycerides, mg/dL 122 (113) 140 (109) 107 (93) 0.448
Glomerular filtration rate, mL/min 97+25 97+25 10221 0.077
Systolic blood pressure, mmHg 130+38 130+40 130£57 0915
Diastolic blood pressure, mmHg 80+30 80+30 90+30 0.365
Peak CK-MB, U/L 163+235 188+219 242+537 0.152
Troponin, ng/mL 1.74£11.2 1.90£15.1 0.99+17.8 0.975
hs-CRP, mg/L 0.60 (1.06) 0.60 (I.11) 0.57 (1.18) 0.855
In-hospital drug treatment
Simvastatin, n (%) 131 (63) 69 (61) 15 (47) 0.253
Calcium-channel blockers, n (%) 7 (3) 4 (4) 1 3) 0.992
B-blockers, n (%) 127 (61) 65 (57) 20 (62) 0.714
Angiotensin-receptor blockers, n (%) 7 (3) 33) 0 0.583
ACEi, n (%) 111 (53) 60 (53) 13 (41) 0.551
Morphine, n (%) 72 (35) 39 (34) 9 (28) 0.841
Unfractionated heparin, n (%) 54 (26) 20 (18) 6 (19) 0.249
Low—molecular weight heparin, n (%) 124 (60) 70 (61) 14 (44) 0.213
Aspirin, n (%) 186 (89) 98 (85) 24 (75) 0.162
Clopidogrel, n (%) 128 (62) 67 (59) 18 (56) 0.986
Insulin, n (%) 13 (6) 8 (7) 0 0.412
(Continued)
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Table | (Continued).

rs41279104 polymorphism P
GG GA AA
Coronary reperfusion therapy
Thrombolytic drugs, n (%) 145 (70) 70 (61) 22 (69) 0.488
Percutaneous angioplasty, n (%) 80 (38) 56 (49) 16 (50) 0.065
Surgical revascularization, n (%) 16 (8) 9 (8) 5 (16) 0.304

Notes: Data expressed as means * SD, n (%), or medians (interquartile range).

Abbreviations: Ml, myocardial infarction; ACEi, angiotensin converting—enzyme inhibitor; CK, creatine kinase; hs-CRP, high-sensitivity CRP; HbA |, glycated hemoglobin;
HDL-C, high density—lipoprotein cholesterol; LDL-C, low density-lipoprotein cholesterol.

hypertension, and other metabolic disorders were equally
distributed across genotypic groups.

Glucose Metabolism and Insulin Response
Homozygotes for the defective allele (A) showed lower
glycemia and insulin sensitivity at D1 compared to carriers
of the G allele (Table 2). Accordingly, the pancreatic
function (HOMA2B) of defective homozygotes — the

Table 2 Comparative analysis of glycemic characteristics across
nNOS genotypes

rs41279104 polymorphism p*
GG GA AA
Blood glucose, mg/dL
DI 126.5+52.3 127.0+68.0 120.0£29.5 <0.001
D5 105.0+£35.8 118.0+49.5 103.0+37.8 <0.001
AD5-DI —-15.0 -10.0 —-16.5 <0.001
HOMAZ2B, %
DI 111.6+80.9 107.5+86.6 169.0£125.8 | <0.001
D5 129.1£84.0 119.3+96.3 122.6+83.8 <0.001
AD5-DI +12.4 +9.7 —6.9 <0.001
HOMAZ2S, %
DI 35.94£50.3 38.24+58.4 26.2+41.8 0.017
D5 64.2+70.5 53.7+82.2 70.4+96.3 0.026
AD5-DI +23.4 +11.9 +39.2 <0.001
Disposition index, %
DI 43.5£59.2 46.9+57.6 37.0+66.1 <0.001
D5 82.7+99.8 61.1£75.0 80.6+99.4 <0.001
AD5-DI +29.5 +12.5 +25.5 <0.001

Notes: *Adjusted for age, sex, diabetes mellitus, peak CK-MB, and in-hospital use
of statins, morphine, and insulin. All statistics for AD5-DI| were additionally
adjusted for baseline values (DI).

Abbreviations: D1, first day of hospitalization; D5, fifth day of hospitalization; A,
change; HOMA2S, homeostasis-model assessment of insulin sensitivity; HOMA2B,
homeostasis-model assessment of B-cell function.

blood glucose of which was the lowest throughout all the
acute phase of STEMI — showed the highest B-cell func-
tion on D1, followed by a significant drop within 5 days,
in contrast to the positive change observed among G
carriers in the period (AD5-D1). This is compatible with
hyperresponsive 3 cells counteracting the reduced periph-
eral insulin sensitivity of AA patients at STEMI onset.
Still among A homozygotes, this scenario radically shifts
at D5 when HOMA2S and HOMA2B assume scores dia-
metrically opposed to those at D1. Also, G carriers had
undergone lower drops in blood glucose by the end of the
acute phase of MI (AD5-D1) than AA patients.

Insulin secretion and insulin sensitivity are connected
via a negative-feedback loop, where pancreatic B cells
compensate for changes in whole-body sensitivity by an
inversely proportional change in secretion (y = constant/
x).>! The DI — the product of HOMA2B and HOMA2S
— tends to remain roughly constant in healthy conditions,
and deviation is observed when B-cell function is lost and/
or insulin-mediated mechanisms to overcome insulin resis-
tance fail, as was the case among A homozygotes at D1
(influenced by the very low scores of HOMAZ2S), followed
by a recovery of the index by D5. Conversely, G carriers
had higher index scores at admission, resulting in smaller
changes in DI in the period (AD5-D1).

NO/Nitrite/Nitrate Levels and Flow-
Mediated Dilation

No significant differences were observed in NO levels at
STEMI onset (D1). However, defective homozygotes
showed the lowest NO levels compared to GG and GA
patients at D5 (Tukey post hoc p=0.038 and 0.042, respec-
tively) and the smallest increase in NO levels among all
genotypic groups (Table 3). Also, FMD values obtained 30
days after STEMI showed that G homozygotes reached

International Journal of General Medicine 2021:14

3673

Dove:


https://www.dovepress.com
https://www.dovepress.com

Nobrega et al

Dove

Table 3 Comparative analysis of plasma NO levels and flow-
mediated vasodilation across nNOS genotypes

rs41279104 polymorphism p*
GG | GA AA
NO levels, pmol/L
DI 17.0+10.8 17.5+9.9 19.1£9.7 0.874
D5 23.8£14.2 25.5£17.5 21.7£36.5 0.039
AD5-DI +4.7 +6.3 +3.7 0.012
FMD at 30th day (%) 6.70 (6.96) 6.08 (7.09) 6.30 (8.88) 0.009

Notes: *Adjusted for age, sex, diabetes mellitus, hypertension, peak CK-MB, and
in-hospital use of statins and drugs with vasodilation effects. All statistics for AD5—
D1 were additionally adjusted for baseline values (DI). Data expressed as means
*SD or medians (interquartile range).
Abbreviations: D1, first day of hospitalization; D5, fifth day of hospitalization; A,
change; FMD, flow-mediated dilation.

higher dilation scores compared to heterozygotes and AA
homozygotes (Tukey post hoc p=0.030 and 0.005,

respectively).

Discussion

Insulin resistance is undeniably related to NO production,
an assumption corroborated by epidemiological studies
that have associated type 2 diabetes mellitus, obesity,
reduced NO
production.””'" Although this association is supported by

hypertension, and dyslipidemia with
a large body of evidence, the role of neuronal NOS in
insulin resistance remains elusive. The present study
explored this matter by evaluating a defective isoform of
the nNOS gene — the expression of which in vivo is
reduced by up to 50% — in actual clinical settings of a
this
research, we found that both availability of and sensitivity

major, life-threatening vascular event. During
to insulin varied differently across genotypes and post-MI
moments.

Insulin is a well-known vasodilator, and its vasodila-
tory effect is mediated by NO generation.”” Therefore,
the peak production of insulin at D1 observed herein
appears to be a compensatory mechanism for the resis-
tant baseline state among the defective homozygotes. It
is possible that the unnoticed changes in NO levels at D1
could have occurred from the minor role of the nNOS
isoform (compared to eNOS) to account for the systemic

1, and the fact that insulin requires a relatively long

poo
time (4 hours) to activate NOS so as to contribute to
systemic availability.>* Therefore, this phenomenon of
relatively high glucose uptake among defective nNOS

producers in the immediate hours after STEMI probably

relied on an NO-independent mechanism based on
hyperinsulinemia. A burst in insulin secretion may com-
pensate for naturally reduced nNOS expression and
activity in the paraventricular nucleus, where low NO
production upregulates the sympathetic tone via catecho-

lamine release and a-adrenergic activation,?>-*

usually
leading to an insulin-resistant state’’ that tends to be
aggravated in a context of myocardial injury.

Interestingly, the pattern of high glucose uptake
observed among A homozygotes at D1 was sustained
in the course of the acute post-MI phase, mostly attribu-
table to gains in peripheral insulin sensitivity, with a
possible contribution by an increase in total NO bioa-
vailability, but not solely, since the NO reservoir was not
enhanced to the extent reached among G carriers. As a
matter of fact, glycemic scores at D5 and time-course
changes (AD5-D1) among defective patients were likely
to have derived from a scenario of endothelial dysfunc-
tion objectively attested by NO shortage, with eNOS —
the major isoform — unable to compensate for the
endogenously defective nNOS. All in all, this scenario
of whole-body endocrine adaptation in glycemic balance
is consistent with an impaired NO-generation system
among defective (A) homozygotes.

In sum, the interplay between glucose balance and alleles
of nNOS during the acute phase of STEMI revealed that AA
individuals exhibited endocrine compensation for the inher-
ent inability to produce adequate amounts of NO compared
to G carriers. After all, defective homozygotes showed more
severe insulin resistance on admission than other genotypes
on the DI, which appeared to be compensated within 5 days
and possibly due to the hyperinsulinemia response at STEMI
onset. In the long run, defective homozygotes were able to
recover from endothelial dysfunction, since their flow-
mediated dilation was equal to that of heterozygotes
(»=0.190) and mildly lower in clinical terms than G homo-
zygotes (p=0.005). Since FMD scores are strong predictors
NO
bioavailability,” our results call for research on long-term

of secondary MI events®™ and depend on
post-STEMI outcomes among carriers of defective nNOS,
as well as watchful surveillance of the clinical evolution of
patients that respond via hyperinsulinemia.

Important limitations need to be acknowledged when
interpreting our findings. Firstly, the study exclusively
enrolled STEMI patients with a great extent of myocardial
injury, which prevents extrapolations to other acute coronary
syndromes. Secondly, the observational design precludes
any causality inference. Thirdly, the sample size was limited:
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STEMI is an uncommon, lethal coronary disease, and the
possibility of selection bias cannot be ruled out. These
limitations may have favored over- or underestimation of
the magnitude of the associations found and may also have
influenced the lack of statistical significance in some of the
analyses. However, the uniqueness of the study population
and its consistency with biological processes in the acute
phase of MI make it relevant and plausible. Moreover, our
data did not seem biased by an unleveled distribution of
diabetic cases or by consumption of pharmaceutical pro-

ducts across genotypic groups.

Conclusion

The assumed decline in NO production mediated by the
defective nNOS polymorphic gene is associated with an
insulin-resistant state during the acute phase of STEMI
(which tends to be compensated by a hyperinsulinemia
response) and with poor endothelial function (expressed
by low FMD scores) after the acute phase of STEMI.

Study Design

The STROBE statement, accessible via the EQUATOR
network, was used as a guideline for reporting this obser-
vational study and improving the consistency and trans-
parency of the data presented and interpreted herein.
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author: andreisposito@gmail.com.
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