
diseases

Article

Association between eNOS Gene Polymorphism
(T786C and VNTR) and Sickle Cell Disease
Patients in Ghana

Charles Antwi-Boasiako 1,*, Bartholomew Dzudzor 2, William Kudzi 3, Alfred Doku 4,
Campbell Andrew Dale 5, Fredericka Sey 6, Kate Hgar Otu 7, Gifty Dankwah Boatemaa 1,
Ivy Ekem 8, John Ahenkorah 9, Daniel Gyingiri Achel 10, Elvis Twumasi Aboagye 3 and
Eric S. Donkor 11

1 Department of Physiology, School of Biomedical and Allied Health Sciences, University of Ghana,
Accra +233, Ghana; gdankwah@gmail.com

2 Department of Medical Biochemistry, School of Biomedical and Allied Health Sciences, University of Ghana,
Accra +233, Ghana; bartdzudzor7@gmail.com

3 Centre for Tropical Clinical Pharmacology and Therapeutics School of Biomedical and Allied Health
Sciences, University of Ghana, Accra +233, Ghana; wkudzi@yahoo.com (W.K.); atelvis45@gmail.com (E.T.A.)

4 Department of Internal Medicine, School of Medicine and Dentistry, University of Ghana,
Accra +233, Ghana; dokukavin@gmail.com

5 Center for Cancer and Blood Disorders Children’s National Medical Center George Washington University
School of Medicine and Health Sciences, Washington, DC 20052, USA; acampbell@childrensnational.org

6 Center for Clinical Genetics, Korle-Bu Teaching Hospital, Accra +233, Ghana; fredisey@hotmail.com
7 Department of Nursing and Midwifery, Greenhills School of Health Sciences, Accra +233, Ghana;

kateboasiako@yahoo.co.uk
8 Department of Haematology, School of Medical Sciences, College of Health and Allied Sciences,

University of Cape Coast, Cape Coast +233, Ghana; ekem_ivy@hotmail.com
9 Department of Anatomy, School of Biomedical and Allied Health Sciences, University of Ghana,

Accra +233, Ghana; daajohnny@yahoo.com
10 Applied Radiation Biology Center, Radiological and Medical Sciences Research, Ghana Atomic Energy

Commission, Accra +233, Ghana; gachel@gmail.com
11 Department of Medical Microbiology, School of Biomedical and Allied Health Sciences, University of Ghana,

Accra +233, Ghana; ericsdon@hotmail.com
* Correspondence: antwiboasiako@gmail.com

Received: 5 September 2018; Accepted: 27 September 2018; Published: 29 September 2018 ����������
�������

Abstract: Endothelial nitric oxide synthase (eNOS) variants have been found to be associated with
several vascular disorders as well as the pathogenesis of sickle cell disease (SCD) complications
such as vaso-occlusive crises (VOC). Studies on eNOS gene variants among SCD patients are rare
in Ghana and several other African countries. The current study aimed to determine a possible
association between variants of the eNOS gene (variable number of tandem repeats in intron 4 and
T786C) in SCD complications among Ghanaian patients. This was a cross-sectional study involving
89 HbSS patients with complications and 46 HbSS patients without complications. Genomic DNA
was extracted from leukocytes in the buffy coat and separated from collected whole blood samples of
the study participants. PCR amplification, followed by restriction fragment length polymorphism
(RFLP) was used to genotype T786C (rs2070744) variants. Variable number of tandem repeats (VNTR)
in intron 4 was genotyped by PCR and direct electrophoresis. There was a significant difference in
the genotype frequency of the T786C variant between HbSS patients with complications and those
without complications (p = 0.0165). However, there was no significant difference in the VNTR intron
4 variant of the eNOS gene between patients with complications and those without complications
(p > 0.05). The study shows an association between the eNOS gene variant (T786C) and complications
in SCD.
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1. Introduction

Sickle cell disease (SCD) patients constitute 1% of the global population, and over 75% of this
percentage is found in sub-Saharan Africa [1,2]. In Ghana, the incidence of SCD is about 2% of all
births per year [3]. It is a major genetic disease associated with increased mortality in Ghana [4].
The pathophysiology of SCD is believed to be caused by rigid red blood cells resulting from the sickle
hemoglobin, which leads to tissue infarction and organ dysfunction in most patients [5]. The most
frequently reported symptoms at the instance of morbidity or mortality in hospitals are vaso-occlusive
crises (VOC) marked by severe pain in the bones and muscles [6,7].

Soluble endothelial cell adhesion molecules (ICAM-1, VCAM-1, and E-selectin) play a vital
physiological role in the recruitment and binding of inflammatory cells to vascular endothelium,
particularly in venules [8]. The expression of these molecules has been found to be modulated
by endothelial nitric oxide (NO) produced by the endothelial nitric oxide synthase (eNOS) gene.
Nitric oxide is known to suppress the expression of these adhesion molecules [9].

In vivo NO is synthesized during the enzymatic conversion of L-arginine to L-citrulline by three
isoforms of the NOS enzyme such as endothelial NOS (NOS1, NOS2, and NOS3) [10]. The most
abundant form of these isoforms is eNOS, which is derived from vascular endothelium [11].
This enzyme has been shown to play a very important role in the pathogenesis of VOC in sickle
cell transgenic mice [10]. Previous studies have found the eNOS gene to be a critical regulator of
vasodilation and an inhibitor of cell adhesion and aggregation, protecting humans and animals from
vaso-occlusion [12]. In normal, healthy individuals, the level of NO in the plasma is found to be
linked with the haplotypic variation of the eNOS gene [13]. Even though several polymorphic forms
of this gene have been found, the most important polymorphic variants of the eNOS gene which are
of clinical importance and are responsible for bringing about variations in NO levels are the T786C
variant in the promoter region, the Glu298Asp variant in exon 7, and the variable number of tandem
repeats (VNTR) in intron 4 [10]. These eNOS variants have been found to be associated with several
vascular disorders such as myocardial infarction [14], atherothrombosis [15], erectile dysfunction [16],
stroke [17], and renal disease [18] in the healthy, general population of Asian and European origin.
Moreover, several studies have suggested the involvement of eNOS variants in the pathogenesis of
sickle cell complications such as vaso-occlusive crises and acute chest syndrome [19–22].

Results from previous work conducted in India suggest that the eNOS gene variant is associated
with SCD and may act as a genetic modifier of phenotypic variation in these patients [12]. Another
study conducted in Africa, however, reported that eNOS variants are less frequent in SCD patients
and that they lack any functional significance among these patients [23]. Evidence from the study of
Thakur et al. [23] indicates that endothelin-1, rather than the eNOS gene variant, is associated with
SCD in Africa. A recent study done by Navaro et al. [24] confirms an earlier report by Thakur et al. [23]
and Nada [25] who demonstrated that the eNOS gene polymorphism is not associated with SCD.
Thus, findings from these studies suggest that the possible association between eNOS gene variants
and SCD seem to be related to ethnogenomic diversity, among other factors. In Ghana, studies have
been done on the role of NO in SCD [26], as well as the epidemiology of SCD [27]. There is currently
no information on the possible association of the eNOS gene variant among SCD patients in Ghana.
The current study aimed to investigate the association of eNOS gene variants (T786C and VNTR) in
SCD complications in Ghana.
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2. Methods

2.1. Study Site and Sampling

This study was conducted at Korle-Bu Teaching Hospital (KBTH), which is the premier health care
facility in Ghana and a major referral health facility in Southern Ghana. The hospital hosts the Ghana
Institute of Clinical Genetics (GICG), which runs a sickle cell disease clinic daily from Monday to Friday
for patients aged 13 years and older. This was a cross-sectional study involving 88 HbSS patients with
complications and 46 HbSS patients without complications who were sampled at the sickle cell clinic
of GICG. The sickling status of the study participants was confirmed by hemoglobin electrophoresis.
Using a standard data collection sheet, information on the demographic and clinical profile of the
study participants was recorded. Complications associated with the SCD patients recruited into the
study included those with vaso-occlusive crisis, leg ulcers, and priapism. Vaso-occlusive crisis was
clinically defined as pains in the bones, muscles and joints that is not attributable to any other cause
and requiring parenteral analgesia and admission into the sickle cell clinic [28]. Leg ulcers were also
defined as defects in the skin immediately below the level of the knee and above the foot persisting
for six or more weeks [28,29]. SCD patients with leg ulcers recruited in the current study were not
necessarily active. Priapism was defined as a purposeless, persistent penile erection which is not
accompanied by sexual desire or stimulation, lasting more than 6 h [30].

Ethical approval was obtained from the Ethical and Protocol Review Committee of the University
of Ghana Medical School, and informed consent was obtained from all the study participants.

2.2. DNA Extraction and Genotyping

Genomic DNA was extracted from leukocytes in the buffy coat separated from whole blood
samples (n = 134) by using the Quick-gDNATM Blood MiniPrep DNA extraction kit (Epigenetics
Company, Irvine, CA, USA) according to the manufacturers’ protocol. Isolated DNA concentration and
purity was determined with NanoDrop 2000/2000C (Thermo Scientific, Boston, MA, USA). Polymerase
chain reaction (PCR) amplification followed by direct electrophoresis was used to genotype variable
number of tandem repeats (VNTR) intron 4 (27 bp TR), while RFLP was used to genotype T786C
(rs2070744) variants as previously described by Thomas et al. [31] with sequence-specific primers.

2.2.1. Genotyping of VNTR 27 bp Intron 4 of eNOS Gene

The extracted DNA was amplified for polymorphic VNTR in intron 4 by PCR
with a standard protocol [29] and previously published primers [28]. Primer sequences
5′-CTATGGTAGTGCCTTGGCTGGAGG-3′ (forward) and 5′-ACCGCCCAGGGAACTCCGCT-3′

(reverse) were used for the PCR amplification. The reaction was performed for 35 cycles in a Gene
Pro thermal cycler (HanghouBioer Technology Co., Ltd., Hangzhou, China). The conditions for the
PCR were as follows: initial denaturation was done at 94 ◦C for 4 min, denaturation at 94 ◦C for
1 min, annealing at 63 ◦C for 30 s, extension at 72 ◦C for 5 min, and final extension at 72 ◦C for 5 min.
The products were then resolved on 3% agarose gel for VNTR classification; 4a, 4b, 4c, 4d. Fragments
of 169, 196, 223, and 142 bp correspond to eNOS alleles 4a, 4b, 4c, and 4d respectively, and they were
estimated with a TriDye 100 bp DNA ladder (New England Biolabs Inc., Ipswich, MA, USA).

2.2.2. Genotyping of T786C (rs2070744) Variation in eNOS Gene Promoter Region

PCR-RFLP was used to genotype the T786C (rs2070744) variation with the primer pair
5′-TGGAGAGTGCTGGTGTACCCCA-3′ and 5’-GCCTCCACCCCCACCCTGTC-3′. The reaction was
performed for 35 cycles in a Gene Pro thermal cycler (HanghouBioer Technology Co., Ltd., Hangzhou,
China). The PCR mixtures were heated to 94 ◦C for 4 min for denaturation and underwent 35 cycles at
94 ◦C for 30 s for denaturation, 65 ◦C for 30 s for annealing, and 72 ◦C for 1 min for extension. Finally,
extension was conducted at 72 ◦C for 5 min. The product from the PCR reactions was digested with
the MspI restriction enzyme for genotype calling. The eNOS variant contains a unique MspI restriction
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site, fragment sizes producing fragments of 140 and 40 base pairs for the wild-type (T) allele, or 90, 50,
and 40 base pairs for variant (C). The size of amplified PCR products and digested fragments were
estimated with a TriDye 100 bp DNA ladder (New England Biolabs Inc., Ipswich, MA, USA).

2.3. Statistical Analysis

Data from the study was entered into MS-EXCEL and was analyzed using SPSS version 20.0
software. The differences between the two groups of subjects (HbSS patients with complications and
HbSS patients without complications) were analyzed statistically using the student t-test for unpaired
data. Analysis of variance (ANOVA) was used to compare the difference between more than two
means of groups of subjects for normally distributed data. A multinomial logistical analysis was
performed to investigate the association between the eNOS gene variant and SCD complications.
Statistical significance was defined as p < 0.05.

3. Results

Of the SCD patients recruited, 46 were without complications and 88 were with complications.
A total of 56 HbSS VOC, 21 HbSS leg ulcers, and 11 with HbSS priapism comprised those with
complications. The mean age of the study participants was found to be 25.5 ± 9.7 years for SCD
patients with complications and 31.9 ± 10.0 years for those without complications; there was no
significant difference between the ages of the two groups of study participants (p > 0.05). There was
a significant difference in the genotype frequency of the T786C variant between HbSS patients with
complications and those without complications (p < 0.05). A majority (62.2%) of patients with HbSS
without complications had the CC genotype of the T786C variant. The study did not find a significant
difference in the VNTR intron 4 variant of the eNOS gene between patients with complications and
those without complications (p > 0.05). The 4d allele was found only in SCD patients who presented
with complications (Table 1). The allele frequencies were not significantly different in HbSS patients
with complications and those without complications (p > 0.05) (Table 2).

As reported in Table 3, SCD patients with the TC and CC variant had a high risk of developing
leg ulcers (OR, 10.33; 95% CI, 1.24–86.06) and (OR, 10.38; 95%CI, 1.781–60.47) respectively.

Table 1. Genotypic frequencies for eNOS variants in HbSS patients with complications and those
without complications.

Variants Genotype HbSS with
Complications n (%)

HbSS without
Complications n (%)

T786C
(rs2070744)

TT 7 (8.1) 5 (11.1)
χ2 = 8.178
p = 0.0165

TC 35 (40.7) 12 (26.7)
CC 44 (51.2) 28 (62.2)

Total 86 45

Intron 4
(27-bp TR)

4aa 41 (46.6) 21 (45.7)
4bb 37 (42.0) 17 (37.0) χ2 = 2.988
4cc 8 (9.1) 8 (17.4) p = 0.3934
4dd 2 (2.3) 0 (0.0)

Total 88 46

n = number or frequency; SCD = sickle cell disease; p < 0.05 was considered statistically significant;
eNOS = endothelial nitric oxide synthase.
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Table 2. Allele frequencies for eNOS variants in HbSS patients with complications and those
without complication.

Variants Allele HbSS with
Complications n (%)

HbSS without
Complications n (%)

T786C
(rs2070744)

T 49 (28.5) 22 (24.4) χ2 = 0.4891
C 123 (71.5) 68 (75.6) p = 0.4843

Total 172 90

Intron 4
(27-bp TR)

4a 82 (46.6) 42 (45.6)
χ2 = 5.977
p = 0.1127

4b 74 (42.0) 34 (37.0)
4c 16 (9.1) 16 (17.4)
4d 4 (2.3) 0 (0.0)

Total 176 92

n = number or frequency; SCD = sickle cell disease; p < 0.05 was considered statistically significant;
eNOS = endothelial nitric oxide synthase.

Table 3. Association of eNOS gene variants in the studied population.

Genotype

HbSS without
Complications HbSS VOC HbSS Leg Ulcer HbSS Priapism

n = 46 n = 56 n = 21 n = 11

OR (CI) OR (CI) OR (CI) OR (CI)

TT 2.38 (0.35–46.17) 1.12 (0.03–18.21) 1.34 (2.34–57.02) 0.60 (0.03–10.18)
TC 3.22 (0.39–26.07) 2.13 (0.33–13.97) 10.33 (1.24–86.06) * 0.300 (0.01–11.13)
CC 1.35 (0.237–7.72) 1.82 (0.35–9.38) 10.38 (1.781–60.47) * 0.79 (0.03–26.69)

VNTR 4aa 2.19 (<0.001->10) 0.46 (<0.001->10) 5.611 (<0.001->10) 1.49 (<0.001->10)
VNTR 4bb 1.02 (<0.001->10) 0.36 (<0.001->10) 1.059 (<0.001->10) 4.15 (<0.001->10)
VNTR 4cc 0.29 (<0.001->10) 0.10 (<0.001->10) 0.119 (<0.001->10) 0.22 (<0.001->10)
VNTR 4dd - - - -

* significant, OR = Odds Ratio, CI = 95% confidence interval; eNOS = endothelial nitric oxide synthase.

4. Discussion

The eNOS gene has been screened for variations in different populations [12,32,33], and previous
reports have indicated a substantial interethnic diversity in the distribution of the polymorphic forms
of this gene [31,34]. In this study, we investigated eNOS variants among SCD patients for the first
time in Ghana. The genotype frequency of T786C of the eNOS gene was found to be significantly
higher (p = 0.0165) in SCD patients with complications in the current study. This suggests that eNOS
gene variants may be associated with SCD complications in Ghana as has been reported among other
populations of SCD patients elsewhere [12]. In Central India, a similar study reported that SCD
patients have significantly higher frequencies of heterozygous and homozygous variant genotypes
of the T786C eNOS gene and low levels of plasma nitrite (NO2) [12]. In that study, the SCD severe
group had significantly lower levels of plasma NO2 and higher frequencies of genotypes of the eNOS
gene in contrast to the SCD mild group of patients [12]. Our data, however, contrasts with other
studies in Mali [23] and the United States (among African Americans) [24] that indicated that eNOS
expression has no significance in SCD. Indeed, ethnicity could be an important factor that possibly
accounted for the differences between previous studies and the current study [31,34]. Although the
eNOS T786C variant has been described as a genetic risk factor for acute chest syndrome in adult
female SCD patients [35], findings from our study suggest a possible link with other complications of
SCD such as leg ulcers.

While the eNOS VNTR is associated with the mean plasma nitric oxide (NO) level [13],
the eNOS C-786 variant reduces gene promotor activity in SCD patients [35,36], leading to endothelial
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dysfunction and reduced NO production in the vascular endothelium [37]. Hence, VNTR variants
of the eNOS gene might contribute to the overall expression of plasma NO levels, which are
responsible for maintaining normal vasomotor tone, and pathogenesis of sickle cell complications
in SCD patients. In addition, eNOS has been shown to play an important role in endothelial
dysfunction. A variation of this gene has also been implicated in the pathogenesis of sickle cell
complications such as vaso-occlusive crises and acute chest syndrome [19–22]. The VNTR variant
was, however, not significantly different among SCD complications and those without complications
in the current study. Intron 4 alleles eNOS4a, eNOS4b, eNOS4c, and eNOS4d have been studied in
different populations and under different conditions to determine their possible physiologic and/or
disease implication. Such population studies include healthy controls as well as patients with acute
chest syndrome, venous thromboembolisms, preeclampsia, myocardial infarction, and Alzheimer’s
disease [22,34–43]. Findings from the current study on the distribution of intron 4 alleles are indeed
consistent with a previous work conducted among Africans, African Americans, and Caucasians in the
United States of America [31]. They reported that the 4c and 4d alleles are less frequently encountered
with minimal distribution, particularly in the African population [31]. Of all the intron 4 alleles, the
4c and 4d alleles were found to be less frequent in the present study. It is worth mentioning that
all the participants recruited in the current study were ethnicity-matched Africans. The 4d allele
was only found in the SCD patients with complications in our current study. If we attribute the
distribution of eNOS gene variants to ethnogenomic or interethnic diversity as implicated in the study
of Thomas et al. [31], who found the 4d VNTR allele (in intron 4) only in an African population, then
we can suggest that the 4d allele, although rarely encountered, can be found mainly among people
from Africa or those with an African descent or ancestry, as observed in the current study. The present
study, however, did not recruit patients with a non-African heritage. The eNOS intron 4 gene variant is
related to endothelial dysfunction and vasculopathy in SCD and could be used to predict an increased
susceptibility to vascular complications [44]. Variations in the same gene could be implicated in a large
population of other complications of SCD.

The main limitation of this current study was the small sample size of SCD patients, as well as
the inability to recruit other acute complications of SCD. Nevertheless, this study adds to the current
literature of SCD genetics, which is scarce in Africa and particularly in Ghana where SCD carries a
huge burden.

5. Conclusions

Complications in Ghanaian SCD patients are associated with the eNOS gene variant (T786C) but
not the VNTR intron 4 allele. Further studies are needed to address the role of the Glu298Asp variant
of the eNOS gene in complications among SCD patients as it was not investigated in this study.

Author Contributions: C.A.-B. conceived the idea, designed the experiments and analyzed the data; B.D.
supervised the collection of data and revised the draft manuscript; W.K. supervised the collection of data
and revised the draft manuscript alongside with B.D.; A.D. reviewed the first manuscript by E.T.A.; C.A.D.
analyzed and interpreted the data collected; F.S. recruited the patients and collected data; K.H.O. entered and
analyzed data and revised the manuscript; G.D.B. collected data and analyzed major part of the Laboratory; I.E.
supervised the clinical characterization and ensured quality of the laboratory. J.A. Analyzed data and reviewed
the manuscript; D.G.A. supervised the collection of data and revised the draft manuscript alongside with B.D. and
W.K.; E.T.A. drafted the first manuscript; E.S.D. drafted the first manuscript alongside with E.T.A.; All authors
read and approved the final version of the manuscript.

Funding: The research was funded by the Office of research, innovation and development (ORID), University of
Ghana and University of Ghana-Carnegie Next Generation of Academics in Africa.

Acknowledgments: Authors are thankful to the office of research, innovation and development (ORID), University
of Ghana and University of Ghana-Carnegie Next Generation of Academics in Africa Project for funding the
research. Authors are also grateful to the staff and patients of the Centre for Clinical Genetics (Sickle Cell Clinic)
who took part in the study at the Korle-Bu Teaching Hospital, Accra, Ghana.

Conflicts of Interest: The authors declare no conflict of interest.



Diseases 2018, 6, 90 7 of 9

References

1. World Health Organisation. Sickle cell anaemia. Agenda item 11.4. Presented at the 59th World
Health Assembly, Palais des Nations, Geneva, 22–27 May 2006; World Health Organisation: Geneva,
Switzerland, 2006.

2. Diallo, D.; Tchernia, G. Sickle cell disease in Africa. Curr. Opin. Hematol. 2002, 9, 111–116. [CrossRef]
[PubMed]

3. Ohene-Frempong, K.; Steinberg, M.H. Clinical aspects of sickle cell anemia in adults and children. In Disorders
of Hemoglobin; Steinberg, M.H., Forget, B.G., Higgs, D.R., Nagel, R.L., Eds.; Cambridge University Press:
Cambridge, UK, 2001; pp. 611–670.

4. Danquah, I.; Ziniel, P.; Eggelte, T.A.; Ehrhardt, S.; Mockenhaupt, F.P. Influence of haemoglobins S and C on
predominantly asymptomatic Plasmodium infections in northern Ghana. Trans. R. Soc. Trop. Med. Hyg. 2010,
104, 713–719. [CrossRef] [PubMed]

5. Kato, G.J.; Hebbel, R.P.; Steinberg, M.H.; Gladwin, M.T. Vasculopathy in sickle cell disease: Biology,
pathophysiology, genetics, translational medicine, and new research directions. Am. J. Hematol. 2009,
84, 618–625. [CrossRef] [PubMed]

6. Platt, O.S.; Brambilla, D.J.; Rosse, W.F.; Milner, P.F.; Castro, O.; Steinberg, M.H.; Klug, P.P. Mortality in sickle
cell disease: Life expectancy and risk factors for early death. N. Engl. J. Med. 1994, 330, 1639–1644. [CrossRef]
[PubMed]

7. Vichinsky, E.P.; Neumayr, L.D.; Earles, A.N.; Vichinsky, E.P.; Neumayr, L.D.; Earles, A.N.; Williams, R.;
Lennette, E.T.; Dean, D.; Nickerson, B.; et al. Causes and outcomes of the acute chest syndrome in sickle cell
disease. N. Engl. J. Med. 2000, 342, 1855–1865. [CrossRef] [PubMed]

8. Alon, R.; Feigelson, S. From rolling to arrest on blood vessels: Leukocyte tap dancing on endothelial integrin
ligands and chemokines at sub-second contacts. Semin. Immunol. 2002, 14, 93–104. [CrossRef] [PubMed]

9. Kato, G.J.; Martyr, S.; Blackwelder, W.C.; Nichols, J.S.; Coles, W.A.; Hunter, L.A.; Brennan, M.L.; Hazen, S.L.;
Gladwin, M.T. Levels of soluble endothelium-derived adhesion molecules in patients with sickle cell disease
are associated with pulmonary hypertension, organ dysfunction, and mortality. Br. J. Haematol. 2005, 130,
943–953. [CrossRef] [PubMed]

10. Pritchard, K.A.; Ou, J.; Ou, Z.; Shi, Y.; Franciosi, J.P.; Signorino, P. Hypoxia induced acute lung injury in
murine models of sickle cell disease. Am. J. Physiol. Lung Cell. Mol. Physiol. 2004, 286, 705–714. [CrossRef]
[PubMed]

11. Rafikov, R.; Fonseca, F.V.; Kumar, S. eNOS activation and NO function: Structural motifs responsible for
the posttranslational control of endothelial nitric oxide synthase activity. J. Endocrinol. 2011, 210, 271–284.
[CrossRef] [PubMed]

12. Nishank, S.S.; Mendi, P.S.; Sunder, S.; Rajiv, Y.; Rasik, B.; Gupta, V.; Sadashiv, G.; Anil, G. Endothelial nitric
oxide synthase gene polymorphism is associated with sickle cell disease patients in India. J. Hum. Genet.
2013, 58, 775–779. [CrossRef] [PubMed]

13. Tsukada, T.; Yokoyama, K.; Aria, T.; Takemoto, F.; Hara, S.; Yamada, A. Evidence of association of the eNOS
gene polymorphism with plasma NO metabolite levels in humans. Biochem. Biophys. Res. Community 1998,
245, 190–193. [CrossRef] [PubMed]

14. Kunnas, T.A.; Ilveskoski, E.; Niskakangas, T.; Laippala, P.; Kajander, O.A.; Mikkelsson, J. Association of the
endothelial nitric oxide synthase gene polymorphism with risk of coronary artery disease and myocardial
infarction in middle-aged men. J. Mol. Med. 2002, 80, 605–609. [CrossRef] [PubMed]

15. Voetsch, B.; Jin, R.C.; Loscalzo, J. Nitric oxide insufficiency and atherothrombosis. Histochem. Cell Boil. 2004,
122, 353–367. [CrossRef] [PubMed]

16. Sinici, I.; Guven, E.O.; Serefoglu, E.; Hayran, M. T-786C polymorphism in promoter of eNOS gene as genetic
risk factor in patients with erectile dysfunction in Turkish population. J. Urol. 2009, 75, 955–960. [CrossRef]
[PubMed]

17. Endres, M.; Laufs, U.; Liao, J.K.; Moskowitz, M.A. Targetting eNOS for stroke protection. Trends Neurosci.
2004, 27, 283–289. [CrossRef] [PubMed]

18. Wang, X.L.; Wang, J. Endothelial nitric oxide synthase gene sequence variations and vascular disease.
Mol. Genet. Metab. 2000, 70, 241–251. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/00062752-200203000-00005
http://www.ncbi.nlm.nih.gov/pubmed/11844993
http://dx.doi.org/10.1016/j.trstmh.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20800861
http://dx.doi.org/10.1002/ajh.21475
http://www.ncbi.nlm.nih.gov/pubmed/19610078
http://dx.doi.org/10.1056/NEJM199406093302303
http://www.ncbi.nlm.nih.gov/pubmed/7993409
http://dx.doi.org/10.1056/NEJM200006223422502
http://www.ncbi.nlm.nih.gov/pubmed/10861320
http://dx.doi.org/10.1006/smim.2001.0346
http://www.ncbi.nlm.nih.gov/pubmed/11978081
http://dx.doi.org/10.1111/j.1365-2141.2005.05701.x
http://www.ncbi.nlm.nih.gov/pubmed/16156864
http://dx.doi.org/10.1152/ajplung.00288.2002
http://www.ncbi.nlm.nih.gov/pubmed/12972407
http://dx.doi.org/10.1530/JOE-11-0083
http://www.ncbi.nlm.nih.gov/pubmed/21642378
http://dx.doi.org/10.1038/jhg.2013.99
http://www.ncbi.nlm.nih.gov/pubmed/24088668
http://dx.doi.org/10.1006/bbrc.1998.8267
http://www.ncbi.nlm.nih.gov/pubmed/9535806
http://dx.doi.org/10.1007/s00109-002-0365-z
http://www.ncbi.nlm.nih.gov/pubmed/12226742
http://dx.doi.org/10.1007/s00418-004-0675-z
http://www.ncbi.nlm.nih.gov/pubmed/15338226
http://dx.doi.org/10.1016/j.urology.2009.06.063
http://www.ncbi.nlm.nih.gov/pubmed/19800665
http://dx.doi.org/10.1016/j.tins.2004.03.009
http://www.ncbi.nlm.nih.gov/pubmed/15111011
http://dx.doi.org/10.1006/mgme.2000.3033
http://www.ncbi.nlm.nih.gov/pubmed/10993711


Diseases 2018, 6, 90 8 of 9

19. Graido-Gonzalez, E.; Doherty, J.C.; Bergreen, E.W.; Organ, G.; Telfer, M.; McMillen, M.A. Plasma endothelin-1,
cytokine, and prostaglandin E2 levels in sickle cell disease and acute vaso-occlusive sickle crisis. Blood 1998,
92, 2551–2555. [PubMed]

20. Hammerman, S.I.; Klings, E.S.; Hendra, K.P.; Upchurch, G.R., Jr.; Rishikof, D.C.; Loscalzo, J. Endothelial cell
nitric oxide production in acute chest syndrome. Am. J. Physiol. 1999, 277, 1579–1592. [CrossRef] [PubMed]

21. Hingorani, A.D. Polymorphisms in endothelial nitric oxide synthase and atherogenesis: John French Lecture
2000. Atherosclerosis 2000, 154, 521–527. [CrossRef]

22. Chaar, V.; Tarer, V.; Etienne-Julan, M.; Diara, J.P.; Elion, J.; Romana, M. ET-1 and ecNOS gene polymorphisms
and susceptibility to acute chest syndrome and painful vaso-occlusive crises in children with sickle cell
anaemia. Haematologica 2006, 91, 1277–1278. [PubMed]

23. Thakur, J.; Londyn, A.G.; Cullifer, R.; Ikhide, Y.L.; Dapa, G.I.; Bolaji, N.T. Endothelin-1 but not Endothelial
Nitric Oxide Synthase Gene Polymorphism is Associated with Sickle Cell Disease in Africa. Gene Regul.
Syst. Boil. 2014, 8, 119–126. [CrossRef] [PubMed]

24. Navaro, K.G.; Agyingi, S.E.; Nwabuobi, C.K.; Thomas, B.N. Polymorphism of the endothelin-1 gene (rs5370)
is a potential contributor to sickle cell disease pathophysiology. Genes Dis. 2016, 20, 1–5. [CrossRef]

25. Nada, H.E.; Mohamed, A.M.S.; Abdel Rahim, M.M. Endothelial Nitric Oxide Synthase Gene Polymorphism
(T-786 C) in Sudanese Patients with Sickle Cell Anaemia. Am. J. Med. Med. Sci. 2015, 5, 231–234.

26. Antwi-Boasiako, C.; Frimpong, E.; Ababio, G.K.; Bartholomew, D.; Campbell, A.D.; Gyan, B.; Antwi, D.A.
The Role of Nitric Oxide in Vaso-occlusive Crisis in Sickle Cell Disease Patients in Ghana. Donnish J. Med.
Med. Sci. 2015, 2, 052–055.

27. Edwin, A.; Edwin, F.; Etwire, V. Controlling sickle cell disease in Ghana ethics and options. Pan Afr. Med. J.
2011, 10, 14. [CrossRef]

28. Bazuaye, G.N.; Nwannadi, A.I.; Olayemi, E.E. Leg ulcers in adult sickle cell disease patients in Benin City
Nigeria. J. Med. Sci. 2010, 8, 2.

29. Omoti, C.E. Haematological values in sickle cell anaemia in steady state and during vaso-occlusive crisis in
Benin City, Nigeria. Ann. Afr. Med. 2005, 4, 62–67.

30. Mohan, J.S.; Lip, P.L.; Blann, A.D. The angiopoietin/Tie-2 system in proliferative sickle retinopathy: relation
to vascular endothelial growth factor, its soluble receptor Flt-1 and Von Willebrand factor, and to the effects
of laser treatment. Br. J. Ophthalmol. 2005, 89, 815–819. [CrossRef] [PubMed]

31. Thomas, B.N.; Tanya, J.T.; Li, Y.; Aldiouma, G.; Dapa, A.D.; Jurg, O. Extensive Ethnogenomic Diversity of
Endothelial Nitric Oxide Synthase (eNOS) Polymorphisms. Gene Regul. Syst. Boil. 2013, 7, 1–10. [CrossRef]
[PubMed]

32. Serrano, N.C.; Diaz, L.A.; Casas, J.P.; Hingorani, A.D.; Moreno-De-Luca, D.; Paez, M.C. Frequency of eNOS
polymorphisms in the Colombian general population. BMC Genet. 2010, 11, 54. [CrossRef] [PubMed]

33. Marroni, A.S.; Metzger, I.F.; Souza-Costa, D.C. Consistent interethnic differences in the distribution of
clinically relevant endothelial nitric oxide synthase genetic polymorphisms. Nitric Oxide 2005, 12, 177–182.
[CrossRef] [PubMed]

34. Tanus-Santos, J.E.; Desai, M.; Flockhart, D.A. Effects of ethnicity on the distribution of clinically relevant
endothelial nitric oxide variants. Pharmacogenetics 2011, 11, 719–725. [CrossRef]

35. Sharan, K.; Surrey, S.; Ballas, S. Association of T-786C eNOS gene polymorphism with increased susceptibility
to acute chest syndrome in females with sickle cell disease. Br. J. Hematol. 2004, 124, 240–243. [CrossRef]

36. Nakayama, M.; Yasue, H.; Yoshimura, M.; Shimasaki, Y.; Ogawa, H.; Kugiyama, K.; Mizuno, Y.; Harada, E.;
Nakamura, S.; Ito, T.; et al. 786 mutation in the 5′-flanking region of the endothelial nitric oxide synthase
gene is associated with myocardial infarction, especially without coronary organic stenosis. Am. J. Cardiol.
2000, 86, 628–634. [CrossRef]

37. Kim, I.J.; Bae, J.; Lim, S.W.; Cha, C.H.; Cho, H.J.; Kim, S.; Yang, D.H.; Hwang, S.G.; Oh, D.; Kim, N.K.
Influence of endothelial nitric oxide synthase gene polymorphisms (−786T > C, 4a4b, 894G > T) in Korean
patients with coronary artery disease. Thromb. Res. 2007, 119, 579–785. [CrossRef] [PubMed]

38. Hooper, W.C.; Lally, C.; Austin, H.; Benson, J.; Dilley, A.; Wenger, N.K.; Whitsett, C.; Rawlins, P.; Evatt, B.L.
The relationship between polymorphism in the endothelial cell nitric oxide synthase gene and the platelet
GPIIIa gene with myocardial infarction and venous thromboembolism in African Americans. Chest 1999,
116, 880–886. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/9746797
http://dx.doi.org/10.1152/ajpheart.1999.277.4.H1579
http://www.ncbi.nlm.nih.gov/pubmed/10516198
http://dx.doi.org/10.1016/S0021-9150(00)00699-7
http://www.ncbi.nlm.nih.gov/pubmed/16956834
http://dx.doi.org/10.4137/GRSB.S14836
http://www.ncbi.nlm.nih.gov/pubmed/24932102
http://dx.doi.org/10.1016/j.gendis.2016.09.002
http://dx.doi.org/10.4314/pamj.v10i0.72223
http://dx.doi.org/10.1136/bjo.2004.058164
http://www.ncbi.nlm.nih.gov/pubmed/15965157
http://dx.doi.org/10.4137/GRSB.S10857
http://www.ncbi.nlm.nih.gov/pubmed/23400313
http://dx.doi.org/10.1186/1471-2156-11-54
http://www.ncbi.nlm.nih.gov/pubmed/20565909
http://dx.doi.org/10.1016/j.niox.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15797845
http://dx.doi.org/10.1097/00008571-200111000-00011
http://dx.doi.org/10.1046/j.1365-2141.2003.04762.x
http://dx.doi.org/10.1016/S0002-9149(00)01041-9
http://dx.doi.org/10.1016/j.thromres.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16842840
http://dx.doi.org/10.1378/chest.116.4.880
http://www.ncbi.nlm.nih.gov/pubmed/10531147


Diseases 2018, 6, 90 9 of 9

39. Alvarez, R.; Alvarez, V.; Lahoz, C.H.; Martínez, C.; Peña, J.; Sánchez, J.M.; Guisasola, L.M.; Salas-Puig, J.;
Morís, G.; Vidal, J.A.; et al. Angiotensin converting enzyme and endothelial nitric oxide synthase DNA
polymorphism and late onset Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 1999, 67, 733–736.
[CrossRef] [PubMed]

40. Yanamandra, K.; Boggs, P.B.; Thurmon, T.F.; Lewis, D.; Bocchini, J.A., Jr.; Dhanireddy, R. Novel allele
of the endothelial nitric oxide synthase gene polymorphism in Caucasian asthmatics. Biochem. Biophys.
Res. Community 2005, 335, 545–549. [CrossRef] [PubMed]

41. Sandrim, V.C.; Coelho, E.B.; Nobre, F.; Arado, G.M.; Lanchote, V.L.; Tanus-Santos, J.E. Susceptible and
protective eNOS haplotypes in hypertensive black and white subjects. Atherosclerosis 2006, 186, 428–432.
[CrossRef] [PubMed]

42. Sandrim, V.C.; de Syllos, R.W.; Lisboa, H.R.; Tres, G.S.; Tanus-Santos, J.E. Influence of eNOS haplotypes
on the plasma nitric oxide products concentrations in hypertensive and type 2 diabetes mellitus patients.
Nitric Oxide 2007, 16, 348–355. [CrossRef] [PubMed]

43. Sandrim, V.C.; Palei, A.C.; Cavalli, R.C.; Araújo, F.M.; Ramos, E.S.; Duarte, G.; Tanus-Santos, J.E. eNOS
haplotypes associated with gestational hypertension or preeclampsia. Pharmacogenomics 2008, 9, 1467–1473.
[CrossRef] [PubMed]

44. Tantawy, A.A.G.; Adly, A.A.M.; Ismail, E.A.R.; Aly, S.H. Endothelial Nitric Oxide Synthase Gene
Intron 4 VNTR Polymorphism in Sickle Cell Disease: Relation to Vasculopathy and Disease Severity.
Pediatr. Blood Cancer 2015, 62, 389–394. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/jnnp.67.6.733
http://www.ncbi.nlm.nih.gov/pubmed/10567488
http://dx.doi.org/10.1016/j.bbrc.2005.07.108
http://www.ncbi.nlm.nih.gov/pubmed/16081038
http://dx.doi.org/10.1016/j.atherosclerosis.2005.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16168996
http://dx.doi.org/10.1016/j.niox.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/17306574
http://dx.doi.org/10.2217/14622416.9.10.1467
http://www.ncbi.nlm.nih.gov/pubmed/18855535
http://dx.doi.org/10.1002/pbc.25234
http://www.ncbi.nlm.nih.gov/pubmed/25263931
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Site and Sampling 
	DNA Extraction and Genotyping 
	Genotyping of VNTR 27 bp Intron 4 of eNOS Gene 
	Genotyping of T786C (rs2070744) Variation in eNOS Gene Promoter Region 

	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

