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Abstract
Purpose of Review Pre-eclampsia remains a leading worldwide cause of maternal death and of perinatal morbidity.
There remains no definitive treatment except delivery of the
fetus.
Recent Findings Recent insights into the cardiovascular changes that are evident prior to, during, and persist after preeclampsia have improved understanding of the underlying pathophysiology—disruption of normal endothelial function and decreased nitric oxide bioavailability. S-nitrosoglutathione
(GSNO) is an endogenous S-nitrosothiol that acts as a NO pool
and, by replenishing or preventing the breakdown of GSNO,
endothelial dysfunction can be ameliorated. GSNO reductase
inhibitors are a novel class of drug that can increase NO
bioavailability.
Summary GSNO reductase inhibitors have demonstrated improvement of endothelial dysfunction in animal models, and
in vivo human studies have shown them to be well tolerated.
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Introduction
Pre-eclampsia is a multisystem disorder, which manifests clinically as hypertension and proteinuria after 20 weeks of pregnancy. Pre-eclampsia occurring at or close to term is usually treatable by delivery with minimal risk to mother or baby. However,
in approximately 1% of pregnancies the condition is early onset,
and this usually coincides with worse severity, particularly before 32 weeks gestation. In this situation, expeditious conservative management focusing on control of hypertension and seizure prevention to gain fetal maturity is key. Although antihypertensive medication is used, there is no current treatment that
targets the underlying pathophysiology [1, 2].
The underlying pathological processes of pre-eclampsia are
hypothesized to occur in two stages [3]. Abnormal placentation is suggested to be the initiating event resulting in reduced
placental perfusion, in turn, leading to increased oxidative
stress, which, in combination with a maternal predisposition,
results in endothelial dysfunction. This manifest by changes in
a number of signaling pathways and homeostatic mechanisms, but impaired nitric oxide (NO) bioavailability [4] is
thought to play a major role in the maternal manifestations
of pre-eclampsia such as hypertension and likewise platelet
activation, proteinuria, and oedema. More recently, abnormal
pre-pregnancy blood pressure has been shown to relate to risk
of pre-eclampsia [5], and abnormal arterial function in the first
trimester is associated with higher likelihood of PE [6]. So the
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prevailing wisdom relating to the placenta’s central role in preeclampsia is likely to be an over simplification.

Relationship of Pre-eclampsia and Endothelial
Dysfunction
Pre-eclampsia causes disruption of normal endothelial barrier,
structure, and function, resulting in a state of endothelial dysfunction which is characterized by decreased NO bioavailability. Arterial and cardiac function are abnormal before and
during the disease’s clinical manifestation [7, 8••, 9].
Consequently, there is an increase in vascular tone [10, 11],
hypertension [12, 13], increased permeability of the vasculature and resultant proteinuria, and oedema [14, 15]. There is
also a shift towards a proinflammatory and prothrombotic
state [4, 16], particularly as a result of platelet activation [17].
Women who have had pre-eclampsia are at a higher longterm risk of adverse cardiovascular outcomes including
stroke, myocardial dysfunction, and death due to a vascular
event [18–21]. Indeed, the major risk factors for pre-eclampsia
are those classically associated with endothelial dysfunction
and long-term cardiovascular morbidity including systolic hypertension, obesity, diabetes mellitus, and hypercholesterolaemia [22–25]. It is now suggested that there is pre-existing prepregnancy endothelial dysfunction in women who go on to
develop pre-eclampsia. Studies starting prior to pregnancy and
following women throughout pregnancy have allowed an insight into haemodynamic changes in normal pregnancy [26,
27]; abnormal cardiovascular adaptation in early pregnancy
may be associated with birth weight [28]. The degree to which
these risk factors affect endothelial function pre-pregnancy
and the degree to which they are exacerbated by pregnancy
and pre-eclampsia are currently under investigation.
Asymmetric dimethylarginine (ADMA) is an endogenous
eNOS inhibitor. Levels of ADMA are higher in women at
high risk of pre-eclampsia as determined by abnormal uterine
artery Doppler waveform [7]. And, in those women who go
on to develop pre-eclampsia, there is an inverse correlation of
ADMA with FMD, suggesting that increased ADMA may
reduce NO bioavailability and thus contribute to the development of pre-eclampsia. FMD is reduced in the early second
trimester in women who go on to develop both pre-term and
term pre-eclampsia when compared to those who do not become hypertensive or develop gestational hypertension [29].
Decreased bioavailability of NO provides a potential therapeutic target for novel drug therapy of pre-eclampsia. NO
donors, used in a research context, reduce blood pressure
(BP), and platelet activation in pre-eclampsia whilst having
no detrimental effect on placental perfusion [1, 30].
Prophylaxis with glyceryl trinitrate (GTN) in high-risk women reduces overall adverse outcome related to ‘placental syndromes’ though not the incidence of pre-eclampsia itself [2,
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31]. However, the utility of most NO donors including GTN is
limited by hypotension, side effects, and tachyphylaxis.
The primary source of NO is endothelial nitric oxide synthase (eNOS). NO is extremely short-lived and, in order to
have more than a transient effect following synthesis, it must
be stored in a stable, bioavailable form. The primary receptor
of NO is soluble guanylate cyclase (sGC), with subsequent
activation of this enzyme and the production of cyclic GMP.
cGMP acts as a secondary messenger and is involved in the
regulation of multiple intracellular pathways, notably smooth
muscle relaxation and platelet inhibition. S-nitrosothiols are a
class compounds that have an NO group attached to the thiol
(RSH) moiety by a single chemical bond. S-nitrosothiols release the NO moiety by mechanisms including exposure to
light, heat, and transition metals, in addition to enzymatic
bioactivation. As such, these compounds, particularly GSNO
act as a stable intracellular bioavailable NO pool [32]. The
precise pathways for cellular nitrosothiol formation and degradation remain unclear, although the following schematic
(Fig. 1), adapted from Smith et al. [33•], outlines potential
mechanisms. Another potentially valuable property of
GSNO is that glutathione acts as a free-radical ‘sink’.
Increased levels of GSNO may facilitate NO-mediated processes, whereas increased activity GSNOR (the regulatory
enzyme in GSNO catabolism) may impair these processes
through reduction of NO bioavailability. It has been proposed
that, due to the fact that GSNOR interferes with processes
relevant to cardiovascular health, inhibition of GSNOR may
be beneficial [32]. The potential sites of therapeutic intervention in the NO pathway are outlined in Fig. 2.

GSNO in Pre-eclampsia
GSNO was first used over 20 years ago in relation to the
treatment of pre-eclampsia in a woman with severe HELLP
(haemolysis, elevated liver enzymes and low platelets) syndrome (thought to be an extreme variant of pre-eclampsia)
which was refractory to conventional management.
Improvements in blood pressure and platelet count were noted
almost immediately following commencement of GSNO infusion [35]. Further investigation of the use of GSNO in severe pre-eclampsia showed improvements in blood pressure,
uterine artery pulsatility index (which is classically abnormally high in pre-eclampsia), and a reduction in platelet activation
[30]. It is also notable that other studies investigating the replenishment of NO, using GTN patches, suggest that improved outcomes and prolongation of pregnancy may be
achievable [31, 36, 37].
We have previously performed an in vivo study of GSNO
infusion in pre-eclampsia in six women with early-onset preeclampsia [38]. GSNO resulted in a reduction in augmentation
index, an indirect measure of NO-sensitive small vessel tone,
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Fig. 1 Potential transnitrosation
signaling pathways. NOS nitric
oxide synthase, NO nitric oxide,
GSNO S-nitrosoglutathione, GSH
glutathione, GSNOR
S-nitrosoglutathione reductase,
CBR1 carbonyl reductase, Trx
thioreduxin, TrxR thioreduxin
reductase. Adapted from Smith
et al. [33•]. Reproduced with
permission

from baseline (P < 0.001) with significant changes occurring
at infusion rates of 30 and 100 μg/min GSNO (mean reduction
in AIx-75: −6 and −13% respectively, P < 0.05). Reductions
in both diastolic (P = 0.017) and systolic central BPs
(P = 0.008) were also seen. The reduction in central BP was
significant at 100 μg/min GSNO (P < 0.05). Similarly MAP
dose dependently reduced with increasing GSNO infusion
Fig. 2 Simplified schematic of
NO/S-nitrosothiol pathways and
potential therapeutic targets.
Reproduced from Johal et al. [34]

rate (P = 0.004). Peripheral systolic BP was unchanged, but
peripheral diastolic BP fell (P = 0.012). No significant changes were found in central or peripheral pulse pressures, and
maternal heart rate remained constant.
Platelet surface P-selectin expression, a marker of platelet
activation, was lower following GSNO infusion (P = 0.03).
GSNO infusion in pre-eclampsia may also reduce proteinuria.
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The urine protein:creatinine ratios were lower in relation to
their starting levels at the conclusion of the GSNO infusion.
The fetal heart rate did not change during GSNO infusion,
and there were no significant cardiotocograph changes. There
were no changes in maternal uterine, fetal umbilical, middle
cerebral, or ductus venosus Doppler PI at any dose of GSNO.
Whilst the primary purpose of the study was to test the
hypothesis that replacement of NO with different doses of
GSNO in early-onset pre-eclampsia would restore arterial
function, neonatal, and maternal safety outcomes were collected. The perinatal outcomes were not different from fetuses of
similar weight and gestation that were not exposed to GSNO.
There were no maternal adverse outcomes, although three
women reported headache, which resolved with paracetamol
administration.
Further preliminary investigation on the quantification of
GSNO in women with severe pre-eclampsia, has suggested
that GSNO is found in lower circulating quantities than in
women without pre-eclampsia (personal unpublished data).
Although S-nitrosoglutathione has potential as a therapeutic option for pre-eclampsia, there are significant difficulties in its administration. GSNO degrades rapidly when
exposed to light and heat so it requires long-term storage in
a freezer. After reconstitution, GSNO requires immediate
intravenous infusion and needs to be protected from light
and kept cool. These factors limit its utility as a treatment
option, particularly in the developing world, where the burden of disease and where the availability of reliable refrigeration are often limited.
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screen, and in vivo toxicology studies in mice demonstrated
that the substances were well tolerated although at the highest
doses alterations to liver function tests were found on
prolonged exposure [40••].
Intravenous administration of a novel GSNOR inhibitor
(N6022), daily for over 7 days showed that it was well tolerated and there were few side-effects. Those that were demonstrated, e.g., cough, nasal congestion, and headache were well
tolerated and were not dose-limiting. A further phase 1 study
of administration of an orally administered GSNOR inhibitor
(N91115) found that it was well tolerated in healthy subjects at
up to 2.5 times to expected therapeutic exposure, for over
14 days. Pharmacokinetics studied support; a twice-daily dosing regime [41]. This dosing regime, particularly in oral form,
would have considerable advantages over GSNO administration, as discussed above.
A phase 2 trial of the GSNOR inhibitor, N91115 (now
named cavosonstat) has been performed in 138 adults with a
homozygous F508del-CFTR mutation at doses of 200 and
400 mg bd compared to placebo. All participants were also
receiving standard treatment with Orkambi (Vertex
Pharmaceuticals, Boston, MA, USA), a combination of
lumacaftor and ivacaftor. This trial has very recently reported
and found no difference in the primary outcome, change in
FEV1, across the groups (http://ir.nivalis.com/press-releases/
detail/56). The future of GSNO reductase inhibitors in the
treatment of CF is uncertain.

Effect of GSNOR Inhibitors on Endothelial Function
GSNO Reductase Inhibitors Identification
and In Vivo Studies
Following the increased awareness of GSNO as a major player in NO metabolism and as a repository for NO, which otherwise has a short biological half-life, the role of GSNO reductase was further investigated. Various studies found that
there was deregulation of GSNOR leading to lower SNO concentrations and adverse effects on the respiratory, cardiovascular, and gastrointestinal systems. Conversely, mice with a
genetic deletion of GSNOR are protected from asthma-like
airway hyperresponsivity by the increased SNO concentrations acting as an endogenous bronchodilator. This, in turn,
led to a targeted high throughput screening of commercially
available compounds by N30 Pharmaceuticals (now Nivalis
Therapeutics) (Boulder, CO, USA) to identify compounds that
demonstrated potential as GSNOR inhibitors [39•]. Following
identification and synthesis selected, compounds were further
tested for cytotoxicity. Minimal toxicity was observed towards
epithelial lung cells, and a majority of those studied also demonstrated minimal cytochrome P450 inhibition. Similarl no
evidence of mutagenicity was found in a bacterial mutagen

Flow-mediated dilatation in pre-eclampsia has been shown to
be consistently lower in pre-eclampsia compared to normotensive pregnancies [42–47], compatible with poorer endothelial function. In pre-eclamptic pregnancies complicated by
IUGR, FMD is further reduced [44, 48]. FMD is a noninvasive marker of endothelial function and, as such, NO bioavailability. In pre-eclampsia, it has been suggested that alterations in FMD may be, in part, due to alterations in the downstream effect of cGMP rather than due to the availability of
NO, per se [49].
The novel GSNO reductase inhibitor N6338, was tested in
a hypertensive rat model (Dahl-S rats fed a high salt (4%NaCl)
diet) and compared to a normotensive group. GSNO reductase
activity was tested in both the heart and aortic tissue and was
significantly reduced by the addition of N6338. Further
in vitro studies showed that the addition of L-NMMA, an
eNOS inhibitor, attenuated the effect of GSNO reductase inhibition in pre-constricted (using phenylephrine) aortic rings.
This demonstrated the dependence of N6338 effects on the
classic cGMP/NO model of smooth muscle relaxation.
Flow-mediated dilatation was then tested 24 h after administration of N6338. This showed that the GSNOR inhibitor
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prevented an l-NMMA reduction in FMD. In the hypertensive
rats, inhibition of GSNO reductase caused a fall in vascular
resistance, a reduction in blood pressure and restored FMD to
a level similar to normotensive rats [32]. Importantly, this
study demonstrated reversal of hypertension-induced renal
changes of hypertension: this would be a valuable therapeutic
benefit in pre-eclampsia and accords with our finding of a
reduction in proteinuria with GSNO infusion [38].

Conclusion
Pre-eclampsia remains a significant cause of maternal and
neonatal mortality and morbidity worldwide. Although of seizure prevention with MgSO4 and awareness of the need to
detect and treat hypertension has made some headway into
improving outcomes, there remains no treatment modality that
targets the endothelial dysfunction that underlies that pathological process that manifests as pre-eclampsia.
The only drug currently under investigation that targets the
NO pathway is sildenafil. To date the results of studies of
sildenafil in pre-eclampsia have not demonstrated a benefit.
Our group has demonstrated that intravenous infusion of
GSNO has cardiovascular, platelet, and, possibly, renal effects
on women with severe early pre-eclampsia that could be beneficial and could warrant further investigation. There are considerable difficulties in the preparation, administration, and
refrigeration storage of GSNO.
The recent discovery and development of GSNO reductase
inhibitors albeit in other therapeutic areas provides a promising
option. Several of these which have passed cytotoxic and mutagen assessment and have proven themselves to be well tolerated
in phase 1 studies. They lend themselves to use in the second
and third trimesters of pregnancy. Animal studies showing improvement in endothelial function and hypertension with GSNO
reductase inhibitors are consistent with our observations of the
effect of GSNO in human. The particular advantage of GSNOR
inhibitors is the ability to administer orally.
The inertia engendered because of concerns over drug development in pregnancy has in the longer term led to a therapeutic wilderness in which conditions potentially amenable to
treatment are overlooked [2]. At least on a mechanistic level,
GSNOR inhibitors offer a potentially promising option for the
management of pre-eclampsia.
Compliance with Ethical Standards
Conflict of Interest Drs. Everett, Wilkinson, and Lees declare no conflicts of interest relevant to this manuscript.
Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

Page 5 of 7 20

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance
1.

Haddad B, Deis S, Goffinet F, Paniel BJ, Cabrol D, Siba BM.
Maternal and perinatal outcomes during expectant management of
239 severe preeclamptic women between 24 and 33 weeks’ gestation. Am J Obstet Gynecol. 2004;190:1590–5. discussion1595–7
doi:10.1016/j.ajog.2004.03.050.
2. Everett TR, Wilkinson IB, Lees CC. Drug development in preeclampsia: a “no go” area? J Matern Fetal Neonatal Med.
2012;25:50–2. doi:10.3109/14767058.2011.557791.
3. Roberts JM, Hubel CA. The two stage model of preeclampsia:
variations on the theme. Placenta. 2009;30:32–7. doi:10.1016/j.
placenta.2008.11.009.
4. Endemann DH, Schiffrin EL. Endothelial dysfunction. J Am Soc
Nephrol. 2004;15:1983–92. doi:10.1097/01.ASN.0000132474.
50966.DA.
5. Magnussen EB, Vatten LJ, Lund-Nilsen TI, Salvesen KA, Smith
GD, Romundstad PR. Prepregnancy cardiovascular risk factors as
predictors of pre-eclampsia: population based cohort study. BMJ.
2007;335:978. doi:10.1136/bmj.39366.416817.BE.
6. Khalil A, Akolekar R, Syngelaki A, Elkhouli M, Nicolaides KH.
Maternal hemodynamics at 11-13 weeks’ gestation and the risk of
preeclampsia. Ultrasound Obstet Gynecol. 2012; doi:10.1002/uog.
11183.
7. Savvidou MD, Hingorani AD, Tsikas D, Frölich JC, Vallance P,
Nicolaides KH. Endothelial dysfunction and raised plasma concentrations of asymmetric dimethylarginine in pregnant women who
subsequently develop pre-eclampsia. Lancet. 2003;361:1511–7.
doi:10.1016/S0140-6736(03)13177-7.
8.•• Melchiorre K, Sharma R, Thilaganathan B. Cardiovascular implications in preeclampsia: an overview. Circulation. 2014;130:703–
1 4 . d o i : 1 0 . 11 6 1 / C I R C U L AT I O N A H A . 11 3 . 0 0 3 6 6 4 .
Comprehensive summary of the current understanding of the
long term cardiovascular effects of preeclampsia
9. Ghossein-Doha C, Spaanderman MEA, Doulah Al R, Van Kuijk
SM, Peeters LLH. Maternal cardiac adaptation to subsequent pregnancy in formerly pre-eclamptic women according to recurrence of
pre-eclampsia. Ultrasound Obstet Gynecol. 2016;47:96–103. doi:
10.1002/uog.15752.c.
10. Wilkinson IB, Qasem A, McEniery CM, Webb DJ, Avolio AP,
Cockcroft JR. Nitric oxide regulates local arterial distensibility
in vivo. Circulation. 2002a;105:213–7.
11. Wilkinson IB, MacCallum H, Cockcroft JR, Webb DJ. Inhibition of
basal nitric oxide synthesis increases aortic augmentation index and
pulse wave velocity in vivo. Br J Clin Pharmacol. 2002b;53:189–92.
12. Panza JA, Quyyumi AA, Brush JE, Epstein SE. Abnormal
endothelium-dependent vascular relaxation in patients with essential hypertension. N Engl J Med. 1990;323:22–7. doi:10.1056/
NEJM199007053230105.

20 Page 6 of 7
13.

14.

15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Park JB, Charbonneau F, Schiffrin EL. Correlation of endothelial
function in large and small arteries in human essential hypertension.
J Hypertens. 2001;19:415–20.
Stehouwer CD, Nauta JJ, Zeldenrust GC, Hackeng WH, Donker
AJ, Ottolander den GJ. Urinary albumin excretion, cardiovascular
disease, and endothelial dysfunction in non-insulin-dependent diabetes mellitus. Lancet. 1992;340:319–23.
Feldt-Rasmussen B. Microalbuminuria, endothelial dysfunction
and cardiovascular risk. Diabetes Metab. 2000;26(Suppl 4):64–6.
Behrendt D, Ganz P. Endothelial function. From vascular biology to
clinical applications. Ajc. 2002;90:40L–8L.
Janes SL, Goodall AH. Flow cytometric detection of circulating
activated platelets and platelet hyper-responsiveness in preeclampsia and pregnancy. Clin Sci. 1994;86:731–9.
Shimbo D, Grahame-Clarke C, Miyake Y, Rodriguez C, Sciacca R,
Di Tullio M, et al. The association between endothelial dysfunction
and cardiovascular outcomes in a population-based multi-ethnic
cohort. Atherosclerosis. 2007;192:197–203. doi:10.1016/j.
atherosclerosis.2006.05.005.
Green DJ, Jones H, Thijssen D, Cable NT, Atkinson G. Flowmediated dilation and cardiovascular event prediction: does nitric
oxide matter? Hypertension. 2011;57:363–9. doi:10.1161/
HYPERTENSIONAHA.110.167015.
Ras RT, Streppel MT, Draijer R, Zock PL. Flow-mediated dilation
and cardiovascular risk prediction: a systematic review with metaanalysis. Int J Cardiol. 2013;168:344–51. doi:10.1016/j.ijcard.
2012.09.047.
Melchiorre K, Sutherland GR, Liberati M, Thilaganathan B.
Preeclampsia is associated with persistent postpartum cardiovascular impairment. Hypertension. 2011;58:709–15. doi:10.1161/
HYPERTENSIONAHA.111.176537.
Benjamin EJ, Larson MG, Keyes MJ, Mitchell GF, Vasan RS,
Keaney JF, et al. Clinical correlates and heritability of flowmediated dilation in the community: the Framingham heart study.
Circulation. 2004;109:613–9. doi:10.1161/01.CIR.0000112565.
60887.1E.
Celermajer DS, Sorensen KE, Georgakopoulos D, Bull C, Thomas
O, Robinson J, et al. Cigarette smoking is associated with doserelated and potentially reversible impairment of endotheliumdependent dilation in healthy young adults. Circulation. 1993;88:
2149–55.
Avogaro A, Albiero M, Menegazzo L, de Kreutzenberg S, Fadini
GP. Endothelial dysfunction in diabetes: the role of reparatory
mechanisms. Diabetes Care. 2011;34(Suppl 2):S285–90. doi:10.
2337/dc11-s239.
Chowienczyk PJ, Watts GF, Cockcroft JR, Ritter JM. Impaired
endothelium-dependent vasodilation of forearm resistance vessels
in hypercholesterolaemia. Lancet. 1992;340:1430–2.
Mahendru AA, Everett TR, Wilkinson IB, Lees CC, McEniery CM.
Maternal cardiovascular changes from pre-pregnancy to very early
pregnancy. J Hypertens. 2012;30:2168–72. doi:10.1097/HJH.
0b013e3283588189.
Mahendru AA, Everett TR, Wilkinson IB, Lees CC, McEniery CM.
A longitudinal study of maternal cardiovascular function from preconception to the postpartum period. J Hypertens. 2014;32:849–56.
Mahendru AA, Foo FL, McEniery CM, Everett TR, Wilkinson IB,
Lees CC. Change in maternal cardiac output from preconception to
mid-pregnancy is associated with birth weight in healthy pregnancies. Ultrasound Obstet Gynecol. 2017;49:78–84. doi:10.1002/uog.
17368.
Noori M, Donald AE, Angelakopoulou A, Hingorani AD, Williams
DJ. Prospective study of placental Angiogenic factors and maternal
vascular function before and after preeclampsia and gestational hypertension. Circulation. 2010;122:478–87. doi:10.1161/
CIRCULATIONAHA.109.895458.

Curr Hypertens Rep (2017) 19: 20
30.

31.

32.

33.•

34.

35.

36.
37.

38.

39.•

40.••

41.

42.

43.

44.

Lees C, Langford E, Brown AS, de Belder A, Pickles A, Martin JF,
et al. The effects of S-nitrosoglutathione on platelet activation, hypertension, and uterine and fetal Doppler in severe preeclampsia. Obstet
Gynecol. 1996;88:14–9. doi:10.1016/0029-7844(96)00070-1.
Lees C, Valensise H, Black R, Harrington K, Byiers S, Romanini C,
et al. The efficacy and fetal-maternal cardiovascular effects of transdermal glyceryl trinitrate in the prophylaxis of pre-eclampsia and its
complications: a randomized double-blind placebo-controlled trial.
Ultrasound Obstet Gynecol. 2002;12:334–8. doi:10.1046/j.14690705.1998.12050334.x.
Chen Q, Sievers RE, Varga M, Kharait S, Haddad DJ, Patton AK,
et al. Pharmacological inhibition of S-nitrosoglutathione reductase
improves endothelial vasodilatory function in rats in vivo. J Appl
Physiol. 2013;114:752–60. doi:10.1152/japplphysiol.01302.2012.
Brian C, Smith MAM. Mechanisms of S-nitrosothiol formation and
selectivity in nitric oxide signaling. Curr Opin Chem Biol. 2012;16:
498. doi:10.1016/j.cbpa.2012.10.016. A detailed overview of the
current understanding of in vivo S-nitrosothiol formation and
possible mechanisms for NO signaling through cGMPindependent mechanisms
Yamamoto T, Suzuki Y, Kojima K, Suzumori K. Reduced flowmediated vasodilation is not due to a decrease in production of nitric
oxide in preeclampsia. Am J Obstet Gynecol. 2005;192:558–63.
doi:10.1016/j.ajog.2004.08.031.
Johal T, Lees CC, Everett TR, Wilkinson IB. The nitric oxide pathway and possible therapeutic options in pre-eclampsia. Br J Clin
Pharmacol. 2014;78:244–57. doi:10.1111/bcp.12301.
de Belder A, Lees C, Martin J, Moncada S, Campbell S. Treatment of
HELLP syndrome with nitric oxide donor. Lancet. 1995;345:124–5.
Nakatsuka M, Takata M, Tada K, Asagiri K, Habara T, Noguchi S,
et al. A long-term transdermal nitric oxide donor improves
uteroplacental circulation in women with preeclampsia. J
Ultrasound Med. 2002;21:831–6.
Valensise H, Vasapollo B, Novelli GP, Giorgi G, Verallo P, Galante
A, et al. Maternal and fetal hemodynamic effects induced by nitric
oxide donors and plasma volume expansion in pregnancies with
gestational hypertension complicated by intrauterine growth restriction with absent end-diastolic flow in the umbilical artery.
Ultrasound Obstet Gynecol. 2008;31:55–64. doi:10.1002/uog.
5234.
Everett TR, Wilkinson IB, Mahendru AA, CM ME, Garner SF,
Goodall AH, et al. S-nitrosoglutathione improves haemodynamics
in early-onset pre-eclampsia. Br J Clin Pharmacol. 2014;78:660–9.
doi:10.1111/bcp.12379. An in vivo human study examining the
effects of GSNO on vascular stiffness, platelet function and
proteinuria in women with early-onset pre-eclampsia
Sun X, Qiu J, Strong SA, Green LS, Wasley JWF, Blonder JP, et al.
Discovery of potent and novel S-nitrosoglutathione reductase inhibitors
devoid of cytochrome P450 activities. Bioorg Med Chem Lett. 2011;21:
5849–53. doi:10.1016/j.bmcl.2011.07.103. This paper provides the
first description of the discovery of GSNO reductase inhibitors
Colagiovanni DB, Drolet DW, Langlois-Forget E, Piche M-P,
Looker D, Rosenthal GJ. A nonclinical safety and pharmacokinetic
evaluation of N6022: a first-in-class S-nitrosoglutathione reductase
inhibitor for the treatment of asthma. Regul Toxicol Pharmacol.
2012;62:115–24. doi:10.1016/j.yrtph.2011.12.012.
Shoemaker S, Mandagere A, Troha J, Abbas V, Galloway C, Elhard
M. Safety, tolerability, and pharmacokinetics of the oral Snitrosoglutathione reductase inhibitor N91115: a multiple
ascending-dose study in healthy subjects n.d.
Yoshida A, Nakao S, Kobayashi M, Kobayashi H. Flow-mediated
vasodilation and plasma fibronectin levels in preeclampsia.
Hypertension. 2000;36:400–4.
Kuscu NK, Kurhan Z, Yildirim Y, Tavli T, Koyuncu F. Detection of
endothelial dysfunction in preeclamptic patients by using color

Curr Hypertens Rep (2017) 19: 20

45.

46.

47.

Doppler sonography. Arch Gynecol Obstet. 2003;268:113–6. doi:
10.1007/s00404-002-0351-2.
Takata M, Nakatsuka M, Kudo T. Differential blood flow in uterine,
ophthalmic, and brachial arteries of preeclamptic women. Obstet
Gynecol. 2002;100:931–9.
Quinton AE, Peek MJ, Cook CM, Kirby A. Flow-mediated dilatation assessment in women with preeclampsia compared to women
with gestational hypertension. Hypertens Pregnancy. 2010; doi:10.
3109/10641955.2010.525282.
Matsubara K, Matsubara Y, Hyodo S, Katayama T, Ito M. Role of
nitric oxide and reactive oxygen species in the pathogenesis of

Page 7 of 7 20

48.

49.

preeclampsia. J Obstet Gynaecol Res. 2010;36:239–47. doi:10.
1111/j.1447-0756.2009.01128.x.
Adali E, Kurdoglu M, Adali F, Cim N, Yildizhan R, Kolusari A.
The relationship between brachial artery flow-mediated dilatation,
high sensitivity C-reactive protein, and uterine artery doppler
velocimetry in women with pre-eclampsia. J Clin Ultrasound.
2011;39:191–7. doi:10.1002/jcu.20781.
Brodszki J, Länne T, Stale H, Batra S, Marsál K. Altered vascular
function in healthy normotensive pregnant women with bilateral
uterine artery notches. BJOG: an International Journal of
Obstetrics and Gynaecology. 2002;109:546–52.

