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ABSTRACT: Acute renal failure (ARF) has high mortality and no
effective treatment. Nitric oxide (NO) delivery represents a credible
means of preventing the damaging effects of vasoconstriction, central
to ARF, but design of drugs with the necessary renoselectivity is
challenging. Here, we developed N-hydroxyguanidine NO donor
drugs that were protected against spontaneous NO release by linkage
to glutamyl adducts that could be cleaved by γ-glutamyl transpeptidase
(γ-GT), found predominantly in renal tissue. Parent NO donor drug
activity was optimized in advance of glutamyl adduct prodrug design.
A lead compound that was a suitable substrate for γ-GT-mediated
deprotection was identified. Metabolism of this prodrug to the active
parent compound was confirmed in rat kidney homogenates, and the
prodrug was shown to be an active vasodilator in rat isolated perfused
kidneys (EC50 ∼50 μM). The data confirm that glutamate protection
of N-hydroxyguanidines is an approach that might hold promise in ARF.

■ INTRODUCTION

Acute renal failure (ARF) affects ∼5% of all hospitalized
patients and 10−30% of intensive care patients.1 Prognosis is
poor, with a mortality rate exceeding 50%2 and only 60−70% of
survivors regaining full independence.3 Ischemia-reperfusion
injury is the most common cause of ARF, but sepsis,
hypotension, and nephrotoxic drugs are also important.4 Aortic
cross-clamping during cardiopulmonary bypass surgery is a
major cause of ischemic ARF, although acute changes in cardiac
output due to myocardial infarction or ventricular fibrillation
can also underpin poor renal perfusion, leading to organ
failure.5 Renal replacement therapy is the only recognized
treatment for ARF;6 pharmacological interventions, including
low dose dopamine,7−9 dopexamine (synthetic dopamine
analogue),10−12 mannitol/loop diuretics,13−15 calcium entry
blockers,16 anaritide (atrial natriuretic peptide),17 and N-
acetylcysteine,18,19 have all failed to show reproducible clinical
benefits. This highlights the need for effective therapies to treat
ARF and to reduce the reliance on costly renal replacement
therapy, and the challenges linked to achieving this goal.
Oxidative stress due to mitochondrial dysfunction and

xanthine oxidase (XO; EC 1.17.3.2) activation in the immediate

aftermath of ischemia-reperfusion, exacerbated by reactive
oxygen species (ROS) production from infiltrating inflamma-
tory cells, is key to the etiology of ARF.20 ROS have multiple
deleterious effects, but rapid reaction with the endogenous
vasodilator, antithrombotic, and anti-inflammatory agent, nitric
oxide (NO),21,22 is a crucial component, not only because of
the loss of the highly beneficial effects of NO20,23,24 but also
through generation of nephrotoxic peroxynitrite (ONOO−) as
the product of the reaction.25 Endogenous NO is synthesized
from L-arginine (L-Arg) and oxygen by NO synthase (NOS)
enzymes and is critical in regulating renal perfusion and
glomerular hemodynamics under basal conditions.26 NO is
protective against ARF and increased NO synthesis from
endothelial and neuronal NOS (eNOS, nNOS) is beneficial in
ischemia:27 NOS inhibition decreases NO production, further
reducing renal function in ischemic ARF in rats.28,29 These
effects are reversed by both L-Arg28 and tetrahydrobiopterin
(NOS cofactor);24 L-Arg also abolishes the associated increase
in ROS.20 NO donor pretreatment has been shown to enhance
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renal function in ischemic models30 and to suppress expression
of endothelin-1,31 a potent vasoconstrictor that is increased in
postischemic kidneys.32 Delivery of exogenous NO may,
therefore, offer several levels of protection in ARF.
Progress toward novel NO donor drugs has been

disappointingly slow, primarily on account of the difficulty in
designing drugs that reproduce the site-specific effects of
endogenous NO, which is driven by the highly regulated nature
of eNOS and the limited reach of NO from its source of
generation.33 The N-hydroxyguanidines (NHGs) include the
intermediate in NOS-mediated synthesis of NO, Nω-hydroxy-L-

arginine (NOHA), and might offer a fresh approach to tissue-
selective NO donor drugs.34 Some NHGs are known to be
metabolized by NOS,35 as well as a range of other abundant
enzymes, such as cytochrome P450s,36 peroxidases,37 and
XO,38 offering the potential to generate NO and possibly to
reduce enzyme-derived ROS generation,38 in a nonselective
manner throughout the body. NHGs have two accessible
functional groups (−OH and −NH2), which allow manipu-
lation into prodrugs through esterification or amidation. With a
view to imparting renoselectivity to NHGs, we sought to
design, synthesize, and test glutamyl-protected drugs, a strategy

Table 1. Structures and Associated Codes for Key NOHA and Synthesized Test Compounds
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that has previously been employed in protecting the active
moiety of L-DOPA for use in ARF.39−42 This approach exploits
the relatively high expression of γ-glutamyl transpeptidase (γ-
GT; EC 2.3.2.2) in the kidney (5−10 times higher than in liver
or pancreas).43,44 The enzyme acts to cleave the glutamate
adduct, with a view to promoting renoselective activation of the
protected compound and avoiding renal “steal” that would
accompany nonselective vasodilatation. The ideal glutamyl-
protected product, therefore, would be biologically inert, except
in the presence of renal tissue, where it would be activated to
cause tissue-specific, NO-mediated vasodilatation that was not
necessarily dependent on a functional endothelium.

■ RESULTS
Proof of Principle: Synthesis of Biologically Active

Parent and Glutamyl-Protected NHG prototypes. Proto-
type NHG Parent Drug and Equivalent Urea (Negative
Control). A prototype parent drug (1a; Table 1) was
synthesized. 1a had similarities to NOHA, but without the α-
amino group, which was considered to present problems for
downstream modification of the molecule in prodrug develop-
ment; other deviations from NOHA were the addition of an N-
methyl group and a shorter carbon chain length. Synthesis
adopted the common two-step reaction45−50 involving
cyanization of N-methyl-4-aminobutanoic acid with cyanogen
bromide, followed by nucleophilic addition of hydroxylamine to
the resultant cyanamide (Scheme 1). This compound exists as a
zwitterion and is soluble in water.
The equivalent urea (1a(u)) was synthesized via the same

intermediate cyanamide but followed by acidic hydrolysis.
[Nitrite + Nitrate] (NOx) Generation and Vasodilator

Activity of NHG Parent Drug Prototypes. The endogenous
NHG, NOHA (positive control; 100 μM), was found to
generate NOx (a surrogate marker for NO) in substantial
quantities (5−11 μM) after incubation with xanthine (X)/XO,
and in rat liver, renal cortex, and renal medullar tissue extracts
(1 h, 37 °C). The specific XO inhibitor, allopurinol (100 μM),
inhibited X/XO-mediated NOx generation, while the NOS
inhibitor, Nω-nitro-L-arginine methyl ester (L-NAME; 200 μM)
abolished the NOx generation associated with liver extracts and
substantially inhibited that in both cortical and medullary renal
tissue (Figure 1A). γ-GT did not induce NOx generation from
NOHA (Figure 1A).
Product 1a (100 μM) was found to have a similar NOx-

generating profile to NOHA in the presence of X/XO, but the
NOx yield in tissue extracts (1−4 μM) was lower than that for
NOHA (Figure 1B).
X/XO failed to induce NOx generation from the urea

counterpart (1a(u)) of 1a, while low NOx concentrations (∼1
μM) measured in tissue extracts treated with 1a(u) were not
inhibited by L-NAME and were not different from those found
in tissue extracts alone (Figure 1C).
To assess the vasodilator properties of product 1a in

comparison to NOHA, precontracted, endothelium-intact rat
aortic rings (±L-NAME, 200 μM) were employed. The

endothelium-dependent vasodilator, acetylcholine (ACh), was
used to test the functional integrity of the endothelium and as
an indicator of the effectiveness of NOS inhibition by L-NAME
(Figure 2). NOHA (100 μM) was found to be an effective
vasodilator that was only partially inhibited by L-NAME.
Product 1a (100 μM), on the other hand, had weak vasodilator
properties that were abolished by L-NAME.

Prototype Prodrugs. To impart potential for renoselec-
tivity to 1a, a γ-glutamyl group was conjugated onto the
guanidino N-OH to generate a protected molecule with the
potential to be a substrate for γ-GT. The glutamate moiety was
derived from commercially available difluoren-9-ylmethyl
protected glutamic acid (Fmoc-Glu-OFm), the protecting
group of which can be removed easily by organic base under
mild conditions. To make the side-chain of 1a match the
protecting protocol, the terminal carboxylic group was masked
with fluoren-9-ylmethyl before it was reacted with cyanogen
bromide and, subsequently, with NH2OH·HCl, to generate the
NHG, 1b (Scheme 2).
Reaction of 1b with Fmoc-Glu-OFm in the presence of N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC) initially formed the linear O-glutamate 2, as confirmed
by TLC and 1H NMR spectra. However, with time and during
work up and purification, it gradually transformed into the
heterocyclic derivative 3 with the loss of a molecule of water:
fractions collected as the linear product 2 from column
chromatography became a mixture of products 2 and 3 after
solvent removal. This cyclization process continued during the
process of Fm and Fmoc removal under basic conditions and
was accompanied by expulsion of pyroglutamic acid and
regeneration of the parent NHG (Scheme 3).
An alternative approach was to introduce the glutamyl group

into the amino moiety of the parent compound (Scheme 3).
Although this is not the site for NO generation from the NHG,
it was considered likely that the bulky glutamyl group could
sterically hinder enzyme-mediated release of NO. For this
purpose, Boc protection was employed because the N-OH
group is more nucleophilic and reactive than −NH2. This
resulted in a stable intermediate 5, but the same 1,2,4-
oxadiazole 3 formed slowly again once the O-Boc group was
removed in CF3CO2H/DCM. The process continued through-
out deprotection of Fm/Fmoc in Et3N/DCM and during
workup and purification, although the formation of pyrogluta-
mic acid was found to be much slower in this case because the
amide bond is stronger than that of the ester.
Because of this complication, we obtained 1,2,4-oxadiazoles 3

in ∼50% yield and pure 4 (Table 1). The expected product 7
could not be isolated on account of its rapid decomposition;
compound 8 (Table 1) was highly hygroscopic and found to
readily degrade to 4 as monitored by NMR spectroscopy
(Scheme 3).

Bioactivation of Prototype Prodrugs by γ-GT. The
cyclic glutamyl-protected adduct of 1a, compound 4 (100 μM),
failed to induce vasodilatation at this concentration, irrespective
of preincubation with γ-GT (Figure 3). Prodrug 8 was tested

Scheme 1a

aReagents and conditions: (i) BrCN, NaOAc, MeOH, 0 °C to rt, 2 h; (ii) NH2OH·HCl, KOH (cat.), MeOH, reflux, 5 h.
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for vasodilatation and found to be inactive in the absence of γ-
GT but produced a modest (∼18%) relaxation after
preincubation with γ-GT that was abolished by the NO
scavenger, oxyhemoglobin (Hb; 10 μM).

Design and Synthesis of Parent NHG Drug Library. On
the basis of the preliminary results from the proof of principle
study, 15 NHGs were synthesized (Table 1: 12 novel, 3 known
1c−s) bearing different alkyl and aryl side-chains, following the
same two-step procedure45−50 from commercial or in-house
amines,51 with a view to optimizing NO-donor parent drug
efficacy and establishing a structure−activity relationship.
All NHGs have a typical resonance at ca. δC 158 ppm for the

guanidino carbon in the 13C NMR spectrum. Using DMSO-d6
as solvent, all 1H NMR spectra for the N-monosubstituted final
products showed four distinctive proton signals for the
protonated hydroxyguanidine group (ca. δH 7.7 for NH2, δH
8.0 for alkyl or aryl NH, δH for N′H, δH 10.4 for OH). The
assignments were based on integration/coupling pattern
(Supporting Information (SI) Figure S1) and 2D 1H−13C
HMBC spectrum (Figure S2) in SI represented by 1g.
The synthetic NHG yields (Table 2) were affected by

repeated recrystallization steps necessary to achieve sufficiently
high purity of the product and satisfactory microanalysis results.
In the case of 1s, even repeated recrystallization failed to
generate product of sufficient purity. Instead, Boc protection
followed by column chromatography and removal of the
protecting group by 4N HCl in dioxane was used to generate
pure product.
The vasodilator effects of the synthesized compounds were

tested in vitro using endothelium-intact rat isolated aortic rings.
The principal aim of the screen was to find compounds that
were not entirely dependent on NOS for activation but for
which the majority of the vasodilator activity was nevertheless
dependent on the NO:sGC pathway. Experiments were
therefore conducted in the presence of the NOS inhibitor, L-
NAME (200 μM), and the reversibility of responses was
assessed using the sGC inhibitor, 1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one (ODQ; 50 μM). Promising compounds
were tested further using Hb (10 μM), an acknowledged
scavenger of NO, and L-Arg (100 μM; approximate plasma
levels), which might compete with the drug under endogenous
conditions, not only at the active site for NOS but also at the
system y+/CAT amino acid transporters,52,53 should NHGs

Figure 1. Release of NOx from (A) the endogenous NHG, NOHA (n
= 4−5), (B) the novel NHG, 1a (n = 4−5), and (C) the
corresponding urea 1a(u) (negative control, n = 4−5; all 100 μM)
in the presence of γ-GT (100 mU/5 mM gly/gly), xanthine/xanthine
oxidase (X/XO; 100 μM/100 mU), and rat tissue homogenates.
Parallel experiments were conducted in the presence of specific
inhibitors (5-sulfosalicylate (100 μM) for γ-GT, allopurinol (100 μM)
for XO, and the NOS inhibitor, L-NAME (200 μM) for the tissue
homogenates) to help confirm enzyme specificity. *P < 0.05, **P <
0.01; paired t-test in presence vs absence of specific inhibitor.

Figure 2. Vasodilator activity of ACh, NOHA and product 1a in
endothelium-intact, precontracted rings of rat aorta in the presence
and absence of the NOS inhibitor, L-NAME (200 μM). ACh and
product 1a-mediated vasodilatation was deemed to be almost
exclusively NOS-dependent, while that induced by NOHA was
considered to be partially NOS-independent. *P < 0.05, ***P <
0.001, paired Student’s t-test ± L-NAME.
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utilize these transporters to access cells. Parallel experiments in
the absence of L-NAME confirmed the extent of the

contribution of NOS to vasodilatation. The conventional
endothelium-dependent vasodilator, ACh, was used to both
confirm the function of the endothelium in test rings and to
validate the model with respect to the inhibitors used (Figure
4A). The results are summarized in Table 2 and shown in their
entirety for selected test compounds in Figure 4B,C.
The results revealed that drug efficacy was improved by

substitution of the terminal carboxylic acid moiety of product
1a with a methyl group (1c) or an aromatic ring (1e) and that
the length of the carbon chain backbone of the molecule (1d−
g) also affected efficacy, with a chain length of 2C (1e)
appearing optimal for both vasodilator activity and dependence
on sGC. Substitution on the aromatic ring with F (1h), Cl (1i),
or Br (1j) reduced the potency of the NHG with respect to
vasodilatation and also reduced the dependence on sGC. A
similar effect was seen with −CH3 substitution (1k) at this
position and, while −OH (1m) substitution apparently
increased vasodilator activity, there was a concomitant loss in
sGC-dependence. Substitution with a methoxy group at three
different positions on the aromatic ring (1n−q) had a
detrimental effect in terms of dependence on sGC. Substitution
with −SO2NH2 (1s) at the same position abolished the
vasodilator effects of the compound. Finally, addition of a
second aromatic ring (1r) also reduced efficacy.
Figure 4 illustrates the extended testing that was conducted

on 1e as the lead parent drug identified from the screen; the

Scheme 2a

aReagents and conditions: (i) FmOH, TsOH, reflux; (ii) BrCN, NaOAc, MeOH; (iii) NH2OH·HCl, K2CO3, MeOH.

Scheme 3a

aReagents and conditions: (i) Fmoc-Glu-OFm, HOBt, EDC, DCM, DMF, rt, 3 d; (ii) Et3N, DCM; (iii) (Boc)2O, DMF, H2O, K2CO3, 0 °C, 2 h,
100%; (iv) CF3COOH, DCM, 0 to rt, 2 h.

Figure 3. Vasodilator activity of two prototype prodrugs (4, 8) with
and without preincubation with γ-GT. Prodrug 4 failed to cause
vasodilatation, irrespective of the presence of γ-GT. However, prodrug
8 was induced to cause modest vasodilatation after incubation with γ-
GT (100 mU/mL, 60 min, 37 °C), and the effect was abolished by the
NO scavenger, Hb (10 μM). *P < 0.05, **P < 0.01 (Dunnet’s post-
test following one-way ANOVA for product 8 ± γ-GT and ± [γ-GT +
Hb]; n = 5−9). NS: no statistical difference between response to 4 ±
γ-GT (n = 5; paired Student’s t test).
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endothelium-dependent vasodilator, ACh, and NOHA were
tested in parallel for reference purposes. ACh-mediated
vasodilatation in precontracted, endothelium-intact rat aortic
rings was abolished by L-NAME, Hb, and ODQ. However, L-
Arg did not significantly affect the vasodilator properties of
ACh (Figure 4A). Treatment of aortic rings with NOHA
induced concentration-dependent vasodilatation that was
abolished by ODQ and substantially inhibited by both L-
NAME and Hb (Figure 4B). The effect was also inhibited by
coincubation with L-Arg. Product 1e had weaker vasodilator
activity than NOHA in the absence of the NO:sGC pathway
inhibitors and L-Arg, while its effects were all but abolished by
ODQ. However, the inhibitory effects of L-NAME and Hb
were substantially weaker than they were for NOHA, while
responses to product 1e were slightly augmented by L-Arg. The
crystal structure of the chosen lead parent drug, 1e, is shown in
Figure 5.
Design and Synthesis of NHG Prodrug, Based on

Parent Lead. Having selected product 1e as the lead parent
drug, experimental procedures were initiated to synthesize a
range of glutamyl protected prodrugs. The task was colored by
the issues of cyclization that had come to light in the proof of
principle phase of the study. It was deduced that the reasons for

cyclization were 2-fold (Scheme 3): the N-OH or −NH2

groups are ideally positioned with respect to the γ-glutamyl
for generation of a highly stable five-membered aromatic ring
and the tendency for the formation of pyroglutamic acid due to
the instability of the N-hydroxyguanido ester/amide. A detailed
description of a range of strategies used to disrupt the potential
for cyclization and the evolution of the prodrugs has been
reported elsewhere.54

Dipeptidyl Protected NHG Prodrug. A dipeptidyl
prodrug O,N-bis(GABAGlu)-NHG (prodrug 9; Table 1) was
successfully synthesized using two equivalents of dipeptide to
protect both the N-OH and the −NH2 groups of the NHG

54 in
order to deprive these groups of the opportunity to attack the
nearby CO group, causing cyclization (Scheme 4). A γ-
aminobutyric acid (GABA) fragment55 was employed as a
simplified version of Glu, which as evidenced above, has a
strong suicidal tendency through formation of lactam. The
glutamyl residue itself serves as the recognizable residue for γ-
GT activity. The amidic bond between the two amino acids was
considered to be as stable as a normal peptide bond and able to
survive the workup. Upon incubation with γ-GT, it was
envisaged that the enzyme would cleave the terminal glutamyl
group; the newly exposed linkers on both the O and N limbs

Table 2. NHG Parent Compound Synthetic Yield and Bioactivity in Rat Aortic Rings (Shaded Box Indicates Lead Selection)
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would spontaneously drop off as an effect of thermodynami-
cally favored cyclization, releasing the parent NHG in the
process.
However, prodrug 9 failed to induce relaxation, irrespective

of preincubation with γ-GT (data not shown).

NHG Prodrugs with an Aromatic Linkage. The inability
of γ-GT to activate the GABA-linked prodrug (9) prompted
the application of another self-immolative spacer, the amino-
benzyl ether (compound 10 in Scheme 5; Table 1). γ-Glutamyl
anilines, especially p-nitro glutamylanilide, are well-known
substrates for γ-GT.56−58 Prodrugs bearing a glutamylaniline
moiety would be more likely to represent suitable substrates for
γ-GT. In addition, similar linkage has been employed previously
in anticancer prodrugs design.59−69

Prodrug 10 was successfully synthesized from p-glutamyla-
minobenzyloxyamine and amino(phenethyliminio)-
methanesulfonate in modest yield after removal of the
protecting group. Details of the synthetic procedure for 10
are published elsewhere.54 Prodrug 10 induced modest
relaxation of rat aortic rings that was enhanced after incubation
with γ-GT (Figure 6A). Responses in both the presence and
absence of γ-GT showed substantial reversal upon addition of
ODQ.
On the back of these findings, the vasodilator activity of

prodrug 10 was tested in the isolated perfused rat kidney,
alongside the parent compound, 1e; prodrug 9 was included as
a negative control on the basis that it did not induce relaxation
in rat aortic rings, irrespective of the presence of γ-GT. In
keeping with the findings in aortic rings, prodrug 9 failed to
induce vasodilatation in isolated perfused kidneys, even at
concentrations as high as 250 μM (Figure 6B). Prodrug 10, on
the other hand, induced concentration-dependent vasodilata-
tion in the kidney (EC50 ∼50 μM). Renal metabolism profiles
for prodrug 10 in rat kidney homogenates illustrate that
compound 1e is generated from prodrug 10 in a time and
concentration-dependent manner over a 45 min incubation
period (Figure 6C).

■ DISCUSSION AND CONCLUSIONS
This research program adopted a multidisciplinary approach to
first prove principle and then design and screen for a glutamyl-
protected NHG prodrug that might ultimately offer renose-
lectivity for use in ARF. Prototype parent and prodrugs
successfully proved principle, but also highlighted a propensity
for cyclization of simple glutamyl-protected NHG prodrugs,
which prevented effective cleavage by γ-GT. A library of parent
molecules was subsequently designed and screened for
NO:sGC-mediated vasodilator effects and a lead compound
selected for glutamyl protection. The cyclization problem was
overcome by incorporation of an aromatic linker between the
glutamyl and NHG moieties, which was spontaneously lost
after γ-GT-mediated cleavage of the glutamyl group. Using this
technique, a suitable prodrug (10) was synthesized and tested
in several models to confirm sensitivity to γ-GT-mediated
activation, decomposition to the parent drug in the presence of
rat renal tissue and vasodilator activity in isolated rat perfused
kidneys. The results confirm that glutamyl-mediated protection
of NHGs represents a valid approach to NO-induced, reno-
active vasodilatation that could have therapeutic advantages in
areas of unmet clinical need, and ARF in particular.
The proof of principle study confirmed that activity of the

parent drug required the guanidino moiety (the corresponding
urea was inactive) and was induced by X/XO enzyme
preparations and NOS in tissue extracts. In addition, it was
established that it is possible to generate γ-GT-dependent
NHG-derived prodrugs, providing the molecule does not
cyclize. The modest vasodilatory efficacy of both the parent
molecule and the prodrug indicated that there was substantial

Figure 4. Log concentration−response curves for (A) ACh, (B)
NOHA, and (C) product 1e in the absence (control) and presence of
the NOS inhibitor, L-NAME (200 μM), the endogenous substrate for
NOS, L-Arg, the NO scavenger, Hb (10 μM), and the sGC inhibitor,
ODQ (50 μM). *P < 0.05, ***P < 0.001, 2-way ANOVA with
Bonferroni post-test (n = 12−15 for ACh; n = 4−9 for NOHA and n =
6−8 for 1e).

Figure 5. X-ray structure of product 1e, the lead parent drug chosen
for prodrug development.
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room for improvement in terms of optimization of chemical
structure. While prodrug 8 confirmed that the concept of
glutamyl protection was valid, the propensity toward cyclization
of this product also served notice that optimization of the
structure was necessary and that a more sophisticated approach
would be required to develop stable prodrugs that would resist
cyclization and retain the potential for γ-GT-mediated
activation. Similarly, there was room to optimize the parent
drug to generate more NO and to be less NOS-dependent in
case NOS was dysfunctional in the target disease state.
NOHA, and a growing literature relating to synthetic NHG

generation,34,70−72 provided the basis for design and synthesis
of novel NHGs that might have improved pharmacological
profiles. The principal difference between the prototype
developed for the proof of principle study (product 1a) and
NOHA was the absence of the α-amino group, which was
deemed necessary to increase hydrophobicity and to avoid
protection/deprotection issues that were likely to arise at the
conjugation stage of prodrug design. However, this molecule
was found to only have weak NOx-generating capabilities and
vasodilator properties compared to the endogenous NHG,
NOHA. The first step in the evolution of the molecule was to
render it less polar by replacement of the terminal carboxylic
group with first, a methyl group (product 1c), and then an
aromatic ring (products 1d−s). In addition, the methyl group
on the central N was considered redundant and was removed.
Together, these modifications markedly increased the vaso-
dilatory effect of the compounds in comparison to the
prototype 1a. Subsequent modifications to the structure
revealed that the optimal chain length for the carbon backbone
was ∼2C (1e); increasing or decreasing the carbon chain length
reduced the dependence of the response on sGC. A similar
structure−activity relationship had previously been shown for
analogues of NOHA.73 Finally, it was established that
substitution on the aromatic ring invariably reduced drug
efficacy and/or dependence on sGC. Of the conformations
investigated, the desirable molecular characteristics to confer
vasodilator effects that were predominantly (>75%) mediated
by stimulation of sGC were a nonpolar aromatic terminal group
linked to the guanidino moiety by a short carbon chain (2C).
The lead compound from this screen was therefore deemed to
be product 1e, and we undertook to explore the vasodilator
characteristics of this particular parent drug in detail.
To fully appreciate the results obtained with 1e, it is

important to first consider those obtained with NOHA, the

actions of which were found to be almost entirely dependent on
NOS activation, NO generation, and stimulation of smooth
muscle sGC. Interestingly, however, the vasodilator activity of
NOHA was inhibited by L-Arg, suggesting that L-Arg effectively
competes with NOHA at the active site of eNOS and/or at the
amino acid transporter system y+.52,74 The polar characteristics
of NOHA suggest that it is unlikely to be able to cross the lipid
bilayer and its structural similarity to L-Arg could allow it to
hijack the amino acid transporter systems. It is also apparent
that, while the vasodilator properties of NOHA are dependent
on NOS, they do not require the enzyme to be Ca2+-activated
(e.g., by ACh, shear stress, hypoxia).
In stark contrast to NOHA, 1e was considerably less sensitive

to L-NAME and Hb-mediated inhibition while retaining almost
exclusive reliance on sGC activation. These results imply that
not only is the activation of this drug largely independent of
NOS but that the NO generated to stimulate sGC is released at
a site relatively inaccessible to Hb and in close proximity of
sGC (i.e., inside smooth muscle cells, as opposed to
endothelium). Crucially, the effects of product 1e were not
inhibited, but were perhaps even enhanced, by L-Arg. We argue
that the increased hydrophobicity of 1e enables it to bypass the
amino acid transporter systems, eliminating the risk of L-Arg-
mediated inhibition in vivo, a distinct advantage over NOHA
for in vivo activity in the face of abundant L-Arg.
Effective prodrug design proved challenging. It was obvious

from the outset that, while generation of glutamyl adducts
undoubtedly protected the resultant molecule from tissue-
mediated NO generation, retaining characteristics necessary for
γ-GT-mediated activation was complicated by the propensity of
the products to spontaneously cyclize. It was very difficult to
isolate pure prototype prodrug 8 because it spontaneously
transformed into 4. The solution to the problem came in the
form of an aromatic linker54 that both prevented cyclization
and spontaneously dropped out of the molecule after cleavage
of the glutamyl group by γ-GT. The resulting compound
(prodrug 10) had weak vasodilator properties in rat aortic rings
that were significantly enhanced by addition of γ-GT and were
mainly sGC-dependent. Release of the corresponding parent
drug (1e) was confirmed in rat kidney extracts, and prodrug 10
was found to have vasodilator effects in rat isolated perfused
kidneys that were not evident for a GABA-linked equivalent
(prodrug 9).
In summary, we have successfully developed a novel reno-

active NO donor prodrug 10. The key features of the molecule

Scheme 4. Design of O,N-Bis(GAbAGlu)-NHG Prodrug

Scheme 5. Design of a γ-Glutamyl Prodrug of NHG with an Aromatic Linker
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are afforded by the nonselective NO-generating properties of
the parent molecule, coupled with the protective effects
prescribed by the glutamyl adduct. Its vasodilator properties
are enhanced by the enzyme γ-GT, which is most highly
expressed in the renal medulla and, unlike the enzyme-resistant
prodrug 9, it successfully induces vasodilation in isolated
perfused kidneys. The specific enzyme(s) involved in the
activation of the cleaved parent NHG in renal tissue is not yet
known, but the literature would suggest that a range of enzymes
with peroxidase activity could effect the activation step,

generating NO or possibly HNO that would rapidly isomerize
to NO at physiological pH.
While we acknowledge that prodrug 10 does not possess

perfect characteristics for renoselectivity, its properties certainly
indicate that glutamyl protection of NHGs is a valid approach
to development of a new generation of drugs for use in ARF,
the primary target of unmet need, but also potentially in other
renal conditions that might benefit from increased renal blood
flow, including hypertension. Further research with prodrug 10
is merited in animal models of cross-clamping and sepsis to test
the viability of this approach in clinically relevant applications.
In vivo experiments would test whether the activity seen in rat
isolated kidneys translates into true renoselectivity, as defined
by increased blood flow without an impact on systemic blood
pressure and would identify optimal concentrations required to
prevent ARF. While the acute nature of the primary disease
target ensures that toxicity on account of chronic dosing is not
a consideration, acute toxicity of NHGs in this clinical setting is
not known. An issue that would require special attention in this
regard is the potential for enhanced generation of ONOO− in
disease states.
This study represents a significant step forward in the quest

for an effective preventative agent for use in ARF to address an
urgent clinical need. The results point to successful develop-
ment of a prodrug that is active in renal tissue and has the
potential for renoselectivity. Optimization of the prototype and
testing in models of ARF are merited.

■ EXPERIMENTAL SECTION
NMR spectra were recorded on a Bruker Advance 300 (1H 300 MHz,
13C 75.4 MHz) or 400 (1H 400 MHz, 13C 100.6 MHz) spectrometer.
Chemical shifts (δ) in ppm are given relative to Me4Si, coupling
constants (J) are given in Hz. Low resolution and high resolution
electrospray mass spectra were recorded on a Micromass LC-T (time-
of-flight). Analytical TLC was carried out on either Merck Silica 60
F254 or RP-18 F254S plates. Purity of the tested compounds was >95%
based on either elemental analysis or HPLC analysis.

General Procedure for the Synthesis of NHGs. A 3 M solution
of cyanogen bromide in DCM (1 equiv) was added dropwise to an ice-
cooled suspension of the amine or corresponding salt (commercially
available or in house-made) and sodium acetate (3 equiv) in MeOH
with stirring. The mixture was stirred in an ice bath for 2 h, and then
the ice bath was removed and the reaction mixture was allowed to stir
at room temperature overnight. After removal of the solvent in
vacuum, the residue was partitioned between DCM and water. The
aqueous layer was extracted with DCM three times. The combined
organic phases were dried over MgSO4. Removal of the solvent under
reduced pressure and purification using column chromatography
(silica gel, Pet ether/Et2O 1:2) gave the intermediate cyanamide. The
cyanamide was mixed with hydroxylamine hydrochloride (1 equiv)
and potassium carbonate (0.1 equiv) in anhydrous MeOH. The
mixture was heated at reflux for 6 h under an argon atmosphere. After
cooling, the solvent was removed at reduced pressure and the desired
product was crystallized from CH2Cl2 and diethyl ether. Further
purification was achieved by redissolving the crude product in
minimum amount of methanol followed by filtration to remove any
insoluble material. Titration of the filtrate with diethyl ether usually led
to the precipitation of pure product; if microanalysis was not
satisfactory, repeated recrystallization from MeOH/Et2O was
performed.

N-3-Carboxypropyl-N-methyl-N′-hydroxyguanidine 1a. Colorless
solid (70%). Found: C, 40.96; H, 7.61; N, 23.76%. C6H13N3O3
requires C, 41.14; H, 7.48; N, 23.99%. δH (300 MHz, D2O) 1.79
(quintet, 2H, J 7.2 Hz, CH2-2), 2.12 (t, 2H, J 7.2 Hz, CH2-3), 2.91(s,
3H, NCH3), 3.26 (t, 2H, J 7.3 Hz, CH2-1). δC (75.46 MHz, D2O)

Figure 6. (A) Effect of preincubation of prodrug 10 (100 μM) with γ-
GT (100 mU/mL) on vasodilator responses in precontracted rat aortic
rings in the presence and absence of the sGC inhibitor, ODQ (50
μM). NS: no significant difference, *P < 0.05, paired Student’s t-test vs
response in absence of γ-GT; n = 5. (B) Vasodilator effect of the lead
prodrug 10, its parent counterpart, 1e, and a glutamyl-protected NHG
that is not a substrate for γ-GT (prodrug 9; negative control) in the
isolated perfused rat kidney model. (C) Appearance of parent
compound 1e in rat kidney homogenates treated with prodrug 10
(1, 10, 100 μM) with time.
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23.2, 33.7, 35.7, 50.1, 158.9 (CNOH), 182.2. m/z (ESI+) 176 [M +
H]+, 198 [M + Na]+, 214 [M + K]+.
N-3-Carboxypropyl-N-methylurea 1a(u). N-3-Carboxypropyl-N-

methylcyanamide (284 mg, 2 mmol) was dissolved in 4N HCl
solution. The mixture was heated at reflux for 6 h, cooled to room
temperature, and extracted with DCM (three times). The combined
extracts were dried (MgSO4) and solvent removed under reduced
pressure to give a gum-like residue. The residue was purified by
column chromatography (silica gel, EtOAc:DCM 6:1) to give the
product as a white solid (256 mg, 80%). Found: C, 44.87; H, 7.38; N,
17.54%. C6H12N2O3 requires C, 44.99; H, 7.55; N, 17.49%. δH (300
MHz, D2O) 1.57 (quintet, 2H, J 7.2 Hz, CH2-2), 2.11 (t, 2H, J 7.2 Hz,
CH2-3), 2.60 (s, 3H, CH3), 3.01 (t, 2H, J 7.2 Hz, CH2-1). δC (75.46
MHz, D2O) 22.7, 31.4, 34.5, 47.9, 161.4, 178.4. m/z (ESI

+) 161 [M +
H]+, 183 [M + Na+].
N-n-Butyl-N′-hydroxyguanidine 1c.49 Colorless crystal (48%).

Found: C, 36.09; H, 8.89; N, 25.34%. C6H14ClN3O3 requires C,
35.82; H, 8.42; N, 25.07%. δH (300 MHz, DMSO-d6) 0.86 (t, 3H, J 7.4
Hz, CH3), 1.26 (hexatet, 2H, J 7.4 Hz, CH2-3), 1.48−1.39 (m, 2H,
CH2-2), 3.13 (dt, 2H, J 5.8, 7.4 Hz, CH2-1), 7.68 (br s, 2H, NH2), 7.96
(t, 1H, J 5.8 Hz, NH), 9.82 (br s, 1H, NH), 10.43 (br s, OH). δC
(75.46 MHz, DMSO-d6) 158.7, 40.7, 30.9, 19.6, 13.9. m/z (ESI

+) 132
[M−Cl−].
N-Benzyl-N′-hydroxyguanidine Hydrochloride 1d.34 Colorless

solid (45%). Found: C, 47.50; H, 5.85; N, 20.97%. C8H12ClN3O
requires C, 47.65; H, 6.00; N, 20.84%. δH (300 MHz, DMSO-d6) 4.42
(2H, d, J 6.4 Hz, CH2-1), 7.25−7.41 (5H, m, Ar−H), 7.81 (2H, br s,
NH2), 8.40 (1H, t, J 6.8 Hz, NH), 9.88 (1H, br s, NH), 10.57 (1H, br
s, OH). δC (75.46 MHz, DMSO-d6) 43.5, 127.1, 127.4, 128.4, 137.3,
158.3 (CNOH); m/z (ESI+) 166 [M + H]+.
N-(4-Phenylethyl)-N′-hydroxyguanidine Hydrochloride 1e.34 Col-

orless flake crystals (70%). Found: C, 50.12; H, 6.08; N, 19.48%.
C9H14ClN3O requires C, 50.12; H, 6.38; N, 19.71%. δH (300 MHz,
DMSO-d6) 2.79 (2H, t, J 7.2 Hz, CH2-2), 3.43−3.67 (2H, m, CH2-1)
7.18−7.24 (3H, m, H-2′, 4′, 6′), 7.27−7.32 (2H, m, H-3′, 5′), 7.75
(2H, br s, NH2), 8.00 (1H, t, J 6.4 Hz, NH), 9.88 (1H, br s, N′H),
10.53 (1H, br s, OH). δC (75.46 MHz, DMSO-d6) 34.5, 42.5, 127.2,
129.1, 129.3, 138.6, 159.0 (CNOH). m/z (ESI+) 180 [M + H] +.
N-(3-Phenylpropyl)-N′-hydroxyguanidine Hydrochloride 1f. Col-

orless flake crystals (58%). Found: C, 52.01; H, 6.90; N, 18.41%.
C10H16ClN3O requires C, 52.29; H, 7.02; N, 18.29%. δH (300 MHz,
DMSO-d6) 1.77 (2H, q, J 7.2 Hz, CH2-2), 2.59 (2H, t, J 7.2 Hz, CH2-
3), 3.15 (2H, q, J 7.2 Hz, CH2-1), 7.14−7.23 (3H, m, H-2′, 4′, 6′),
7.25−7.31 (2H, m, H-3′, 5′), 7.71 (2H, br s, NH2), 8.05 (1H, t, J 7.2
Hz, NH), 9.82 (1H, br s, NH), 10.43 (1H, br s, OH). δC (75.46 MHz,
D2O) 29.4, 31.9, 40.4, 126.2, 128.5, 128.7, 141.5, 158.6 (CNOH).
m/z (ESI+), 194 [M + H+].
N-(4-Phenylbutyl)-N′-hydroxyguanidine Hydrochloride 1g. Col-

orless flake crystals (55%). Found: C, 53.77; H, 7.82; N, 17.18%.
C11H18ClN3O requires C, 54.21; H, 7.40; N, 17.24%. δH (300 MHz,
DMSO-d6) 1.42−1.64 (4H, m, CH2-2,3), 2.58 (2H, t, J 7.2 Hz, CH2-
4) 3.16 (2H, dt J 7.2 Hz, J 6.5 Hz, CH2-1), 7.14−7.21 (3H, m, H-2′,
4′, 6′), 7.24−7.29 (2H, m, 3′, 5′), 7.66 (2H, br s, NH2), 7.92 (1H, t, J
6.5 Hz, NH), 9.76 (1H, br s, NH), 10.34 (1H, br s, OH). δC (75.46
MHz, DMSO-d6) 27.9, 28.1, 34.6, 38.6, 125.7, 128.3, 141.9, 158.2
(CNOH). m/z (ESI+) 208 [M + H]+.
N-2-(4′-Fluorophenyl)ethyl-N′-hydroxyguanidine Hydrochloride

1h. Colorless solid (42%). Found: C, 45.93; H, 5.59; N, 18.28%.
C9H13ClFN3O requires C, 46.26; H, 5.61; N, 17.98%. δH (300 MHz,
DMSO-d6) 2.77 (2H, t, J 7.1 Hz, CH2-2), 3.36 (2H, quartet, J 7.1 Hz,
CH2-1), 7.07−7.16 (2H, m, H-2′, 6′), 7.26−7.35 (2H, m, H-3′, 5′),
7.72 (2H, br s, NH2), 7.95 (1H, br t, J 5.9 Hz, NH), 9.85(1H, br s,
NH), 10.44 (br s, 1H, OH). δC (75.46 MHz, DMSO-d6) 34.0, 42.4,
115.4 (d, 2JCF 20.9 Hz, C-3′, 5′), 131.1 (d, 3JCF 8.1 Hz, C-2′, 6′), 134.8
(d, 4JCF J 2.9 Hz, C-1′), 158.5 (CNOH), 161.5 (d, 1JCF 242 Hz, C-
4′). δF 117.2; m/z (ESI+) 198 [M + H]+.
N-2-(4′-Chlorophenyl)ethyl-N′-hydroxyguanidine Hydrochloride

1i. Colorless solid (46%). Found: C, 42.42; H, 5.08; N, 16.74%.
C9H13Cl2N3O·0.2H2O requires C, 42.60; H, 5.32; N, 16.56%. δH (300
MHz, DMSO-d6) 2.79 (2H, t, J 7.2 Hz, CH2-2), 3.38 (2H, quartet, J

7.2 Hz, CH2-1), 7.31 (2H, m, J 8.4 Hz, H-2′, 6′), 7.36 (2H, d, J 8.4 Hz,
H-3′, 5′), 7.72 (2H, br s, NH2), 7.95 (1H, br t, J 5.3 Hz, NH), 9.85
(1H, br s, NH), 10.44 (br s, 1H, OH). δC (75.46 MHz, DMSO-d6)
33.8, 41.7, 128.2, 130.8, 131.0, 137.33, 158.1 (CNOH). m/z (ESI+)
214 [M + H]+.

N-2-(4′-Bromophenyl)ethyl-N′-hydroxyguanidine Hydrochloride
1j. Colorless solid (67%). Found: C, 36.78; H, 4.16; N, 14.28%.
C9H13BrClN3O requires C, 36.70; H, 4.45; N, 14.26%. δH (300 MHz,
DMSO-d6) 2.77 (2H, t, J 7.2 Hz, CH2-2), 3.35−3.43 (2H, m, CH2-1),
7.22−7.27 (2H, m, H-2′, 6′), 7.47−7.52 (2H, m, H-3′,5′), 7.70 (2H,
br s, NH2), 7.91 (1H, t, J 6.3 Hz, NH), 9.81 (1H, br s, NH), 10.42
(1H, br s, OH). δC (75.46 MHz, DMSO-d6) 33.8, 41.6, 119.5, 131.1,
137.7, 158.1 (CNOH). m/z (ESI+) 260 [M + H]+.

N-2-(4′-Methylphenyl)ethyl-N′-hydroxyguanidine Hydrochloride
1k. Colorless solid (30%). Found: C, 52.46; H, 6.94; N, 18.45%.
C10H16ClN3O requires C, 52.29; H, 7.02; N, 18.29%. δH (400 MHz,
DMSO-d6) 2.26 (3H, s, CH3), 2.74 (2H, t, J 7.2 Hz, CH2-2), 7.13 (4H,
2 × d, J 8.4 Hz, Ar−H), 7.69 (2H, br s, NH2), 7.89 (1H, t, J 6.5 Hz,
NH), 9.82 (1H, br s, NH), 10.36 (1H, br s, OH). δC (100 MHz,
DMSO-d6) 21.1, 34.5, 42.5, 129.2, 129.4, 135.6, 135.8, 158.6 (C
NOH). m/z (ESI+) 194 [M + H]+.

N-2-(4′-Hydroxyphenyl)ethyl-N′-hydroxyguanidine Hydrochlor-
ide 1m. Colorless solid (40%). Found: C, 46.49; H, 5.94; N,
18.05%. C9H14ClN3O2 requires C, 46.66; H, 6.09; N, 18.14%. δH (300
MHz, DMSO-d6) 2.67 (2H, t, J 7.2 Hz, CH2-2), 3.26−3.73 (2H, m,
CH2-1), 6.66−6.73 (2H, m, H-3′, 5′), 7.01−7.08 (2H, m, H-2′,6′),
7.65 (2H, br s, NH2), 7.81 (1H, t, J 6.4 Hz, NH), 9.29 (1H, s, phenyl-
OH), 9.77 (1H, br s, NH), 10.38 (1H, br s, OH). δC (75.46 MHz,
DMSO-d6) 33.6, 42.3, 115.1, 128.2, 129.6, 155.9, 158.1 (CNOH).
m/z (ESI+) 196 [M + H]+.

N-2-(2′-Methoxyphenyl)ethyl-N′-hydroxyguanidine Hydrochlor-
ide 1n. Colorless crystals (46%). Found: C, 49.02; H, 6.62; N,
17.11%. C10H16ClN3O2 requires C, 48.88 H, 6.56; N, 17.10%. δH (300
MHz, DMSO-d6) 2.78 (2H, t, J 7.2 Hz, CH2-2), 3.28−3.36 (2H, m,
CH2-1), 3.78 (3H, s, OCH3), 6.84−6.99 (2H, m, H-3′, 5′), 7.17−7.25
(2H, m, H-4′,6′), 7.65 (2H, br s, NH2), 7.85 (1H, t, J 5.8 Hz, NH),
9.79 (1H, br s, NH), 10.38 (1H, br s, OH). δC (75.46 MHz, DMSO-
d6) 28.9, 40.7, 55.3, 110.6, 120.2, 126.0, 127.9, 130.1, 157.1, 158.2
(CNOH). m/z (ESI+), 210 [M + H]+.

N-2-(3′-Methoxyphenyl)ethyl-N′-hydroxyguanidine Hydrochlor-
ide 1p. Colorless solid (53%). Found: C, 48.10; H, 6.65; N,
17.01%. C10H16ClN3O2·0.2H2O requires C, 48.18; H, 6.63; N, 16.85%.
δH (300 MHz, DMSO-d6) 2.76 (2H, t, J 7.2 Hz, H-2), 3.38−3.43 (2H,
m, H-1), 3.74 (3H, s, OCH3), 6.75−6.89 (3H, m, H-2′, 4′, 6′), 7.21
(1H, t, J 8.4 Hz, H-5′), 7.72 (2H, br s, NH2), 7.92 (1H, t, J 5.9 Hz,
NH), 9.84 (1H, br s, NH), 10.29 (1H, br s, OH). δC (75.46 MHz,
DMSO-d6) 34.9, 42.2, 55.3, 112.3, 114.8, 121.4, 129.7, 140.21, 158.5
(CNOH), 159.6. m/z (ESI+) 210 [M + H]+.

N-2-(4′-Methoxyphenyl)ethyl-N′-hydroxyguanidine Hydrochlor-
ide 1q. Colorless crystals (58%). Found: C, 49.16; H, 6.24; N,
16.89%. C10H16ClN3O2 requires C, 48.88; H, 6.56; N, 17.10%. δH (300
MHz, DMSO-d6) 2.72 (2H, t, J 7.2 Hz, CH2-2), 3.30−3.38 (2H, m,
CH2-1), 3.72 (3H, s, OCH3), 6.83−6.89 (2H, m, H-3′, 5′), 7.16−7.22
(2H, m, H-2′,6′), 7.69 (2H, br s, NH2), 7.89 (1H, t, J 5.8 Hz, NH),
9.83 (1H, br s, NH), 10.45 (1H, br s, OH). δC (75.46 MHz, DMSO-
d6) 34.1, 42.6, 55.4, 114.1, 130.2, 130.7, 157.8, 158.1 (CNOH); m/z
(ESI+), 210 [M + H]+.

N-2-(1′-Naphthyl)ethyl-N′-hydroxyguanidine Hydrochloride 1r.
Off-white solid (79%). Found: C, 58.47; H, 6.14; N, 15.86%.
C13H16ClN3O requires C, 58.76; H, 6.07; N, 15.81%. δH (300 MHz,
DMSO-d6) 3.24−3.32 (2H, m, CH2-1), 3.45−3.55 (2H, m, CH2-2),
7.36−7.46 (2H, m, H-6′, 7′), 7.43−7.56 (2H, m, H-2′, 3′), 7.73 (2H,
br s, NH2), 7.82 (1H, m, H-5′), 7.94 (1H, d, J 8.4 Hz, H-8′), 8.05 (1H,
br t, J 6.2 Hz, NH), 9.85 (1H, br s, NH), 10.46 (1H, br s, OH). δC
(75.46 MHz, DMSO-d6) 31.5, 41.3, 123.6, 125.5, 125.7, 126.2, 126.9,
127.1, 128.6, 131.4, 133.4, 134.2, 158.1 (CNOH). m/z (ESI+) 230
[M + H]+.

N-2-(4′-Sulfamoylphenyl)ethyl-N′-hydroxyguanidine Hydrochlor-
ide 1s. Colorless solid (21%); Found: C, 37.00; H, 5.32; N, 18.69%.
C9H15ClN4O3S requires C, 36.67; H, 5.13; N, 19.01%. δH (300 MHz,

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm400146r | J. Med. Chem. XXXX, XXX, XXX−XXXJ



DMSO-d6) 2.87 (2H, t, J 7 Hz, CH2-2), 3.36−3.47 (2H, m, CH2-1),
7.32 (2H, br s, NH2), 7.42−7.48 (2H, m, H-2′, 6′), 7.69 (2H, br s,
NH2), 7.73−7.79 (2H, m, H-3′, 5′), 7.87 (1H, br s, NH), 9.75 (1H, br
s, NH/OH), 10.34 (1H, br s, NH/OH). δC (75.46 MHz, DMSO-d6)
34.6, 42.0, 126.1, 129.7, 142.8, 142.9, 158.6 (CNOH). m/z (ESI+)
259 [M + H]+.
N-Phenethyl-N′-GlugGABAoxy-N″-GluGABAguanidine 9.54 Color-

less powder (47%). Found: C, 53.43; H, 6.65; N, 15.97%. C27H41N7O9
requires C, 53.37; H, 6.80; N, 16.14%. δH (300 MHz, D2O) 1.79−1.64
(m, 4H, 2 × GABA-β), 2.05−1.94 (m, 4H, 2 × Glu-β), 2.45−2.22 (m,
8H, 2 × GABA-α + 2 × Glu-γ), 2.69 (t, 1H, J 6.5 Hz, 1/2 CH2-2), 2.81
(t, 1H, J 6.5 Hz, 1/2 CH2-2), 3.15 −3.06 (m, 4H, 2 × GABA-γ CH2),
3.29 (dt, 2H, J 9.4, 6.6 Hz, CH2-1), 3.66−3.60 (m, 2H, 2 × Glu-α),
7.30−7.07 (m, 5H, PhH). δC (CDCl3, 100 MHz) 23.8, 23.9, 24.1, 26.4,
29.8, 31.5, 33.7, 36.3, 38.5, 42.0, 42.4, 43.6, 54.1, 126.6, 128.7, 129.0,
138.8, 173.2 (overlapped), 173.9, 174.6. m/z (ESI+) 608 [M + H]+. m/
z (ESI−) 606 [M − H]−.
N-Phenethyl-N′-(4-(γ-glutamylamino))benzyloxyguanidine10.54

Colorless solid (0.150 g, 74%). Purity was 98% according to HPLC
analysis. δH (D2O, 300 MHz) 2.16 (q, 2H, J 7.4 Hz, Glu-β), 2.60−2.54
(m, 2H, Glu-γ), 2.69 (t, 2H, J 6.6 Hz, CH2-2), 3.32 (t, 2H, J 6.6 Hz,
CH2-1), 3.74 (t, 1H, J 6.2 Hz, Glu-α), 4.75 (s, 2H, CH2), 7.11 (d, 2H,
J 8.2 Hz, Ar H), 7.48−7.24 (m, 7H, Ar H). δC (62.5 MHz, DMSO-d6),
27.6, 33.5, 35.8, 42.9, 54.1, 74.4, 119.2, 126.5, 128.8, 129.0, 129.2,
133.7, 138.5, 140.0, 154.8, 170.0, 170.8. m/z (ESI+) 414 [M + H]+.
Biological Assessment. Animals. The animal care and exper-

imental procedures were in accordance with the United Kingdom
Animal (Scientific Procedures) Act, 1986. Male Wistar rats weighing
between 250 and 450 g were used in all animal experiments.
In Vitro NOx Analysis. Stock solutions of X/XO, γ-GT/gly-gly were

made fresh on each experimental day in KPE buffer. Crude
homogenates of rat liver, renal medulla, and renal cortex were
prepared in ice-cold HBSS containing 1% Triton X from freshly killed
adult male Wistar rats using a mechanical homogenizer and sonicator
bath. NHGs (100 μM) were added to enzyme preparations (100 μM
X/100 mU XO and 100 mU γ-GT/5 mM gly-gly) or tissue
homogenates with and without the relevant inhibitors (5-sulfosalicylic
acid (100 μM) for γ-GT; allopurinol for XO (100 μM) and L-NAME
(200 μM) for NOS in homogenates for (1 h, 37 °C), before samples
were centrifuged (1000g; 4 °C) and NOx assayed using the Griess test
(R&D Systems). This test does not measure NO directly, but
measures [NO2

− + NO3
−] as a surrogate of NO.

Vasodilator Experiments. Rings (∼3 mm) of rat aorta were
mounted in a myograph (Danish Myo model 703, 37 °C) containing
Krebs buffer solution (composition mM: NaCl 118, KCl 4.7, CaCl2
2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 35, glucose 10), oxygenated
with 95% O2, 5% CO2. Vascular rings were stretched to 15 mN over a
1 h period, and the maximal contraction determined by replacing
standard Krebs buffer solution with Krebs containing 60 mM KCl.
Subsequently, aortic rings were precontracted to ∼80% of the KCl-
induced maximal contraction with phenylephrine (PE 10−300 nM)
prior to confirmation of endothelial integrity using the endothelium-
dependent vasodilator, acetylcholine (ACh; 10 μM). Relaxation of
>80% was considered to confirm functional integrity of the
endothelium and rings that failed to relax to this extent were rejected.
Following washout of ACh, precontracted rings were either treated
with NHGs (100 μM, single exposure in preliminary experiments or
cumulative concentrations of 1−100 μM in subsequent character-
ization experiments). Parallel rings were incubated with L-NAME (200
μM), L-Arg (100 μM), hemoglobin (10 μM), or ODQ (50 μM) prior
to and during exposure to ACh, NOHA, and NHG analogues to
determine whether the compounds acted independently of NOS,
compete with L-Arg for cellular uptake, generate NO that is scavenged
by hemoglobin, or act via sGC activation, respectively. In some
experiments involving prodrugs, glutamyl-linked NHGs (10 mM)
were preincubated with γ-GT (100 mU/5 mM gly-gly; 1h, 37 °C)
prior to addition to the myograph.
Isolated Perfused Kidney. The isolated perfused kidney preparation

was performed as previously described.75 Briefly, rats were
anaesthetized by intraperitoneal injection with sodium pentobarbital

(60 mg/kg body weight) prior to heparinization (500 U). A midline
laparotomy incision was made from pelvis to sternum, exposing the
abdominal cavity. A cannula was inserted into the renal artery via the
superior mesenteric artery and tied in place. Perfusion with a modified
Krebs−Henseleit solution (containing 6.7% bovine serum albumin and
20 amino acids) commenced immediately, with a view to minimizing
renal hypoxia. The right kidney and ureter were dissected free and
transferred to a temperature controlled moisture chamber (Harvard
834/8; Harvard Apparatus) and perfused with 40 mL of recirculating
perfusate at a constant rate of 10 mL/min via a peristaltic roller pump
(Gilson miniplus 3). Perfusion pressure was measured via a side port
and transducer, with 10 mL/min perfusion inducing a pressure of 60.6
± 2.9 mmHg. Following equilibration (20 min), the kidney vasculature
was constricted by addition of the α1-adrenoceptor agonist, PE (0.3
μM incremental additions), until perfusion pressure reached 120−140
mmHg. Cumulative concentrations of 1e, 9, and 10 (1 μM to 1 mM)
were added to the perfusate to assess the impact of these compounds
on renal perfusion.

Renal Prodrug Activation. The selected candidate prodrug 10 was
incubated at three concentrations (1, 10, and 100 μM) with freshly
pooled (n = 3) male rat (Wistar) kidney homogenates and samples
taken at 15 min intervals over a 45 min incubation period for LC-MS/
MS analysis (Quattro Micro Mass Spectrometer, Micromass, UK;
positive ion mode, Phenomenex Luna 2.5 μm C18 column, mobile
phase 0.1% formic acid in 95% water, 5% acetonitrile). Total protein
concentrations were determined by Lowry assay.

Statistical Analysis. All data are expressed as mean ± SEM.
Statistical analysis of NOx data was conducted using paired Student t-
tests. Comparisons of vasodilator effects were conducted using
Student’s t-tests or one-way ANOVAs followed by Dunnett’s post-
tests, as appropriate, while those for concentration−response curves
was performed using 2-way ANOVA, followed by Bonferroni post-
tests. P < 0.05 was considered to be significant (analysis conducted
using Graphpad Prism 5.00).
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NOHA, N-hydroxyarginine; NO, nitric oxide; NOx, [nitrite +
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methyl ester; ODQ, 1H-[1,2,4]oxadiazolo[4, 3-a]quinoxalin-1-
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oxidase; Fm, (9-fluorenyl)methyl; Fmoc, (9-fluorenyl)-
methoxycarbonyl; GABA, γ-aminobutanoyl; Glu, γ-glutamyl;
glygly, glycylglycine; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; HOBt, N-hydroxybenzotriazole hydrate;
(Boc)2O, di-tert-butyl dicarbonate; Boc, tert-butoxycarbonyl;
TsOH, p-toluenesulfonic acid; DMSO, dimethyl sulfoxide;
DMF, dimethylformamide; Et3N, triethylamine; DCM, di-
chloromethane; HBSS, Hanks-balanced saline solution; KPE,
potassium phosphate-EDTA; LC-MS/MS, liquid chromatog-
raphy mass spectrometry; PE, phenylephrine hydrochloride
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aAbbreviations for common amino acids are in accordance with
the recommendations of IUPAC.
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