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Abstract

Urea transporter (UT) proteins, which include isoforms of UT-A in kidney tubule epithelia and
UT-B in vasa recta endothelia and erythrocytes, facilitate urinary concentrating function.
Inhibitors of urea transporter function have potential clinical applications as sodium-sparing
diuretics, or ‘urearetics,” in edema from different etiologies, such as congestive heart failure and
cirrhosis, as well as in syndrome of inappropriate antidiuretic hormone (SIADH). High-throughput
screening of drug-like small molecules has identified UT-A and UT-B inhibitors with nanomolar
potency. Inhibitors have been identified with different UT-A versus UT-B selectivity profiles and
putative binding sites on UT proteins. Studies in rodent models support the utility of UT inhibitors
in reducing urinary concentration, though testing in clinically relevant animal models of edema
has not yet been done.
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Introduction

Urea transporter (UT) proteins facilitate the passive transport of urea across the plasma
membrane in certain cell types. The involvement of UTs in the generation of concentrated
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urine by the kidney is the major role of UTs [3, 6, 7, 22, 30]. Urinary concentration involves
a countercurrent multiplication mechanism, which is facilitated by aquaporins, the NKCC2
(Na*/K*/2CI~ cotransporter) in the thick ascending limb of the loop of Henle, and urea
transporters in tubule epithelia and vasa recta endothelia [20, 24]. On theoretical grounds,
loss of UT function is predicted to disrupt urinary concentrating ability [3, 30]

As reviewed in Chap. 5, epithelial cells in kidney tubules express isoforms of UT-A,
encoded by the SLc14A2 gene, and endothelial cells in vasa recta express UT-B, encoded by
the SLc14A1 gene [4, 10, 21, 25-28]. As diagramed in Fig. 9.1, UT-Al and UT-A3 are
expressed in kidney inner medullary collecting duct, with UT-AL at the luminal membrane
and UT-A3 at the basolateral membrane [10]. UT-A2 is expressed in thin descending limb
of the loop of Henle [10]. Knockout mice lacking both UT-Al and UT-A3 manifest a
marked urinary concentrating defect, in large part because of impaired urea transport from
tubular fluid in the inner medullary collecting duct to the medullary interstitium [8, 9].
Interestingly, urinary concentrating function is unimpaired in UT-A2 knockout mice [29]
and in UT-A1/A3 knockout mice after transgenic replacement of UT-A1 [14]. Knockout
mice lacking UT-B [2, 15, 31], and rare humans with loss of function mutations in UT-B
[13, 23], which is the erythrocyte Jk antigen, manifest a relatively mild urinary
concentrating defect.

This chapter is focused on small-molecule UT inhibitors. Applications of UT inhibitors
include research tools and potential drug development candidates. Selective, potent UT
inhibitors can be advantageous over gene knockout to study UT functions because of
potential confounding compensatory in knockout mice, such as changes in expression of
non-UT proteins. As discussed further below, UT inhibitors have potential clinical
applications in edema and syndrome of inappropriate antidiuretic hormone (SIADH). Until
recently, available UT inhibitors included the non-selective membrane-intercalating agent
phloretin and chemical analogs of urea, such as dimethylthiourea, which have millimolar
potency [19, 35]. The discovery and characterization of nanomolar-potency small-molecule
UT inhibitors is reviewed in this chapter.

Methods to Assay Urea Transport

Older Assays of Urea Transport

Assays of urea transport rely on measurements of urea movement across cell membranes or
cell layers, or secondary effects of urea movement on water transport and hence on cell or
vesicle/liposome volume. For example, transport of urea across an epithelial cell monolayer
grown on a porous filter has been measured from the kinetics of urea appearance on the
trans-side of the filter following addition of urea to one side of the filter [11]. Urea
concentration measurement requires fluid sampling and an enzymatic, urease-based
colorimetic assay, as to date there is no optical indicator of urea concentration. Radiolabeled
urea (14C-urea) can be used in place of chemical urea, as used in some older measurements
[19, 32]. A similar approach can be used to measure urea transport across cell plasma
membranes; however, the rapid urea equilibration time makes the separation of cells from
the extracellular solution very challenging. Measurement of secondary cell volume changes
in response to urea movement in water-permeable cells can be accomplished by a variety of
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methods [33], volume-dependent light scattering of small cells such as erythrocytes or
membrane vesicles/liposomes being the most popular [11, 33]. Though some of these
methods are quite accurate and quantitative, they are technically tedious and hence not
suitable for automated highthroughput screening.

High-Throughput Assay of Urea Transport for UT-B Inhibitor Identification

The first high-throughput screening assay for identification of UT inhibitors utilized
erythrocytes, which natively express UT-B [16]. The assay, as diagramed in Fig. 11.1a,
involves a single-time-point readout of erythrocyte lysis by near-infrared light absorbance.
Erythrocytes are preloaded with the urea analog acetamide, which is transported by UT-B at
a rate such that the equilibration time for acetamide transport is comparable to that of
osmotic water transport [35]. In the assay, imposing a large, outwardly directed gradient of
acetamide causes cell swelling, which is limited by UT-B-facilitated acetamide efflux. UT-B
inhibition slows acetamide efflux and increases cell lysis. However, the I,ax values from the
erythrocyte lysis assay are not absolute inhibition rates of urea transport, because of
nonlinearity between acetamide permeability and percentage erythrocyte lysis rate, and
differences between acetamide and urea in their transport by UT-B [35].

Conditions were optimized for high-throughput screening to give a robust assay with high
sensitivity and a low false-positive rate, including empirical selection of the optimal
acetamide loading concentration, mixing conditions, and wavelength for absorbance
readout. Greater erythrocyte lysis is seen as reduced optical density at 720 nm (O.D.710).
The goodness of the optimized assay was evaluated by screening plates containing positive
and negative controls (0 and 100 % lysis), which gave a good statistical Z-factor of ~0.6 for
the screen. As discussed further below, the erythrocyte lysis assay has been used
successfully to identify inhibitors of human and rodent UT-B.

Stopped-flow light scattering is the gold standard for secondary analysis of UT-B inhibition
and quantitative determination of 1C5q values. A suspension of erythrocytes is mixed rapidly
(<1 ms) with a urea-containing solution to create an inwardly directed urea gradient. A non-
saturating concentration of urea is used to minimize competitive effects that would confound
ICsq interpretation. The inwardly directed urea gradient causes initial osmotic water efflux
and erythrocyte cell shrinking, which is followed by coupled urea and water influx.
Scattered light intensity at 90° provides a quantitative measure of cell volume. Figure 11.1b
(top) shows light scattering curves for different concentrations of a UT-B inhibitor, showing
progressive slowing of the phase of decreasing light scattering with increased inhibitor
concentration. To deduce the percentage inhibition from the light scattering data, the results
are compared with computational prediction that involves numerical integration of the
Kedem-Katchalsky flux equations for coupled erythrocyte water and urea transport (Fig.
11.1b, bottom), as described [33].

High-Throughput Assay of Urea Transport for UT-A Inhibitor Identification

The challenges in the development of a high-throughout assay to identify UT-A inhibitors
included the lack of easily obtained cell lines that natively express UT-A, the rapidity of
UT-A-facilitated urea equilibration across cell membranes, and the difficulty in robust
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measurement of cell volume using an automated screening platform. As diagramed in Fig.
11.1c, our assay for identification of UT-A1 inhibitors involved measurement of cell volume
changes in response to a rapidly imposed gradient of urea in MDCK cells stably expressing
UT-A1[5, 11]. Cell volume was followed using the chloride-sensing, genetically encoded
fluorescent protein YFP-H148Q/V163S, which was developed previously for chloride
channel screening [12]. Reduced cell volume concentrates intracellular chloride, producing a
near-instantaneous reduction in YFP fluorescence. The cells also stably express a water
channel (AQP1), so that osmotic water equilibration time is much faster than urea
equilibration time. Figure 11.1c (right) shows fluorescence micrographs of the triply
transfected cells used for screening, showing plasma membrane expression of AQP1 (red)
and UT-A1 (blue), and cytoplasmic YFP expression (green). Addition of urea to the
extracellular solution in a platereader format drives osmotic water efflux and cell shrinking,
which is followed by urea (and water) entry with return to the original cell volume. A urea
concentration gradient of 800 mM was chosen empirically to produce a robust fluorescence
signal for screening. Original data from 96-well plates in Fig. 11.1c (center) show a robust
difference in fluorescence curve shape with UT-A1 inhibition by phloretin. The same assay
paradigm can be used for other UT isoforms, and because the fluorescence signal comes
only from transfected cells, a transient transfection approach can be used in which AQP1-
expressing cells are costably transfected with vectors encoding UT and YFP.

UT-B Inhibitors

An initial screen of 50,000 diverse, small-molecule drug-like compounds was done using
human erythrocytes based on UT-B-facilitated acetamide transport as described in Fig.
11.1a. Primary screening yielded ~30 UT-B inhibitors belonging to the
phenylsulfoxyoxozole (Fig. 11.2a), benzenesulfonanilide, phthalazinamine, and
aminobenzimidazole chemical classes [16]. Analysis of ~700 chemical analogs of these four
scaffolds gave many active compounds, the most potent of which inhibited UT-B urea
transport with 1Csg ~10 nM, with ~100 % inhibition at higher concentrations. The
compounds were characterized and used to confirm water transport through UT-B, which
was reported in our earlier studies using erythrocytes from UT-B and UT-B/AQP1 knockout
mice [33]. Though the potency of the best compound was excellent, it was not further
developed because of its (i) relatively low potency for rodent UT-B, precluding testing in
rodent models; (ii) high UT-B versus UT-A specificity, which is predicted to produce
relatively minor benefit in vivo; and (iii) its rapid metabolism in hepatic microsomes,
making it difficult to maintain therapeutic concentrations in vivo.

In a follow-on study, 100,000 compounds were screened using mouse erythrocytes with the
goal of identifying potent inhibitors of rodent (and human) UT-B [34]. The screen produced
triazolothienopyrimidine UT-B inhibitors, with the most potent compound being 3-(4-ethyl-
benzenesulfonyl)-thieno[2,3-e][1,2,3]triazolo[1,5-a]pyrimidin-5-yl]-thiophen-2-
ylmethylamine (UTBj,h-14, Fig. 11.2a). A 5-step synthesis procedure for UTBjq,-14 was
developed to generate highly pure compound for analytical and in vivo studies. UTBjyy-14
fully and reversibly inhibited urea transport with 1Cgq of ~10 nM for human UT-B and ~25
nM for mouse UT-B (Fig. 11.2b). UTBj,,-14 was highly selective against UT-B versus UT-
A isoforms. Competition studies showed reduced inhibition potency with increasing urea
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concentration, suggesting that UTBjnn-14 bound to the UT-B protein near the urea binding
site, which was supported by homology modeling and molecular docking computations (Fig.
11.2c).

To study in vivo effects of UTBj,n-14 on urinary concentrating function, compound
administration dose, route, and timing were established, from liquid chromatography/mass
spectrometry assays, to maintain predicted therapeutic compound concentrations in blood,
kidney, and urine [34]. Following intraperitoneal administration of UTBjn,-14 in mice to
achieve therapeutic concentrations in Kidney, urine osmolality following dDAVP in
UTBijnh-14-treated mice was ~700 mosm/kg H,O lower than in vehicle-treated mice (Fig.
11.2d). UTBj h-14 did not significantly reduce urine osmolality in UT-B knockout mice, as
expected. UTBjyn-14 also increased urine output and reduced osmolality in mice given free
access to water. Though these data provided proof of concept for the potential utility of UT-
B inhibition to reduce urinary concentration in a high-vasopressin state, the reduction in
urine osmolality was relatively modest and similar to that conferred by UT-B gene deletion,
supporting the greater importance of UT-A versus UT-B in urinary concentrating function.

Two medicinal chemistry studies were done to further optimize UTBjnn-14 properties, with
focused investigation of structure—activity relationships with the goal of increasing
UTBijnn-14 metabolic stability [1, 18]. Systematic chemical analysis indicated a major role
of CH, hydroxylation in the ethyl substituent in UTBj,,-14 metabolic stability. By replacing
the CH, hydrogens with fluorines in {3-[4-(1,1-difluoroethyl)-benzenesulfonyl]-thieno[2,3-
e][1,2,3]triazolo[1,5-a]pyrimidin-5-yl}-thiophen-2-ylmethylamine, metabolic stability was
~40-fold improved with little effect on UT-B inhibition potency. The optimized UT-B
inhibitor accumulated in kidney and urine in mice, and reduced maximum urinary
concentration.

UT-A Inhibitors

The UT-A inhibition assay described in Fig. 11.1c was used to screen 100,000 synthetic
small molecules for UT-A1 inhibition [5]. The screen was done on UT-A1 because it is
predicted that this UT-A isoform is of the greatest importance for urinary concentration as it
is the rate-limiting step in apical membrane urea transport in the inner medullary collecting
duct and hence required to establish the hypermolar renal medullary interstitium. The initial
screen produced four classes of compounds with low micromolar 1Csg, with an example of a
dose—response study in Fig. 11.3a and chemical structures shown in Fig. 11.3b.
Interestingly, the class D compounds have the same triazolothienopyrimidine scaffold as in
UTBinh-14. Approximately 500 analogs were tested to establish structure—activity
relationships.

Each of the four chemical classes contained multiple active compounds with drug-like
properties, including the presence of multiple hydrogen bond acceptors, as well as favorable
molecular weight, aLogP, and topological polar surface areas. UT-A1 inhibition by each of
the compound classes was reversible. Inhibition by compounds of classes A, B, and C was
non-competitive, as judged from the minimal effect of urea concentration on apparent ICg,
whereas class D compounds showed partial competition with urea. Inhibition by compounds
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of classes A, B, and D occurred over several minutes, suggesting an intracellular site of
action on UT-A1, whereas inhibition by class C compounds was very rapid, suggesting an
extracellular site of action. An interesting finding was the identification of compounds with
a wide range of UT-A1 versus UT-B selectivities, as shown in Fig. 11.3c. Even in the same
chemical class, relatively minor chemical modifications produced compounds with very
high selectivity and others with little UT-A1 versus UT-B selectivity.

Homology modeling and computational docking was done to investigate potential inhibitor
binding sites and selectivity mechanisms. UT-A homology modeling was done using the
homologous bovine UT-B bound to selenourea that was solved at 2.5 A solution (PDB =
4EZD) [5]. Fig. 11.3d shows putative intracellular binding sites of class A and B inhibitors
and an extracellular binding site for the class C inhibitors. While binding information based
on homology models should be interpreted with caution, we note that docking computations
were successful in identifying the most active inhibitors (comparing to tested analogs) for
each of the class A, B, and D compounds, and the predicted order of class B compounds for
UT-AL inhibition potency from computation was in reasonable agreement with experimental
data.

In Vivo Rat Studies

A compound (called PU-14) with thienoquinolin core structure was found to have inhibition
activity on both UT-A and UT-B [17]. Figure 11.4a shows the chemical structure of the
compound PU-14, 1-(3-amino-6-methylthieno [2, 3-b] quinolin-2-yl) ethanone. PU-14
inhibited human, rat, and mouse UT-B (Fig. 11.4b) as determined by the erythrocyte lysis
assay. PU-14 did not change erythrocyte lysis rate in UT-B null mouse erythrocytes, as
expected. PU-14 also inhibited UT-A1 (Fig. 11.4c) in an MDCK cell assay [11].

To evaluate in vivo activity of PU-14 on urinary concentrating function, rats fed ad libitum
were studied in metabolic cages. Urine output significantly increased in a dose-dependent
manner in rats subcutaneously administered PU-14 at 12.5, 50, and 100 mg/kg (Fig. 11.4d).
Urinary osmolality and urea concentration were significantly decreased. The peak changes
of urine output, urinary osmolality, and urinary urea concentration occurred betwn 2 and 4 h
after PU-14 administration, with values returning to baseline by 10 h.

The long-term effect of PU-14 on urinary concentrating ability was also studied. PU-14 at
50 mg/kg was subcutaneously injected every 6 h. As shown in Fig. 11.4e, the 24-h urine
output in PU-14-treated rats was significantly higher than that in vehicle control rats.
Urinary osmolality and urea concentration in PU-14-treated rats were significantly lower
than in vehicle control rats. However, the excretion of osmoles, urea, and non-urea solutes
was similar in PU-14-treated and vehicle control rats, suggesting that PU-14 caused a urea-
selective diuresis without disturbing electrolyte metabolism. The progressively greater
diuretic effect of PU-14 over days may be due to PU-14 accumulation in kidney.

Figure 11.4f shows the compositions of the agueous component of the inner medulla as
measured on supernatants of centrifuged homogenates. Total osmolalities were significantly
lower in inner medullary tissue of PU-14-treated rats than those in vehicle control rats,
which was primarily because of the reduced inner medullary urea concentration. The
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concentration of non-urea solutes was similar with those in vehicle control rats. There was
no significant difference in blood Na*, K*, CI~, urea, glucose, total cholesterol, and
triglyceride after 7-day treatment with PU-14. These data suggest that PU-14 produces urea-
selective diuresis without disturbing electrolyte excretion and metabolism.

Potential Clinical Indicators of Urea Transport Inhibitors

UT inhibitors, particularly of UT-AL, have several potential clinical indications. Urea
transport inhibitors have a different mechanism of action from conventional diuretics, which
block salt transport across kidney tubule epithelial cells. Diuretics such as furosemide are
used widely to increase renal salt and water clearance in conditions associated with total
body fluid overload, including congestive heart failure, cirrhosis, and nephrotic syndrome.
By disrupting countercurrent mechanisms and intrarenal urea recycling, urea transport
inhibitors, alone or in combination with conventional diuretics, may induce a diuresis in
states of refractory edema where conventional diuretics are ineffective.

Summary and Future Directions

High-throughput screening has produced multiple chemical classes of small-molecule
inhibitors of mammalian UTs, some with low nanomolar potency and UT-isoform
selectivity. The UT inhibitors that have emerged from screening have many orders of
magnitude greater inhibition potency than prior inhibitors. They should be useful as research
tools to study the role of UTs in urinary concentrating function and in extrarenal tissues
where they are expressed, and as drug development candidates. However, many challenges
remain in the clinical development of UT inhibitors, including demonstration of efficacy in
clinically relevant models of refractory edema and SIADH, and in medical chemistry in the
selection of inhibitors with appropriate pharmacological properties.
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Fig. 11.1.
Assays for high-throughput identification of small-molecule UT inhibitors. a Erythrocyte

osmatic lysis assay for UT-B inhibitor discovery. Erythrocytes expressing water and urea
channels (AQP1 and UT-B) are preloaded with the urea analog acetamide. Following
replacement of the external buffer with urea/acetamide-free isomolar solution, water entry
results in cell swelling, which is limited by UT-B-mediated urea/acetamide efflux. Under
optimized assay conditions, UT-B-facilitated urea/acetamide prevents osmotic lysis,
whereas UT-B inhibition impairs urea/acetamide exit resulting in substantial lysis. (Bottom)
Biphasic cell volume changes in the lysis assay. Increased erythrocyte volume beyond a
threshold results in lysis. The dashed curve shows the hypothetical time course of
erythrocyte volume if lysis had not occurred. b (Top) Stopped-flow measurements of urea
transport in human erythrocytes. Concentration—inhibition curves for indicated compounds
determined by light scattering in response to a 100 mM inwardly directed urea gradient.
(Bottom) Numerically simulated inhibitor concentration dependence used to determine 1Csq
from stopped-flow experiments. The inverse of normalized cell volume, V/V(t), is plotted
to approximate light scattering data at indicated percentages of urea transport inhibition. ¢
(Left) Assay for UT-AL inhibitors. MDCK cells stably expressing UT-Al, AQP1, and YFP-
H148Q/V163S were subjected to an 800 mM inwardly directed urea gradient. A rapid
decrease in cell volume (reduced fluorescence) due to the water efflux through AQP1 is
followed by cell reswelling (increased fluorescence) due to urea and water influx. The UT-
Al inhibitor phloretin alters curve shape. (Right) UT-A1 and AQP1 immunofluorescence of
the triply transfected cells, shown with YFP fluorescence. Adapted from [5, 16]
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Fig. 11.2.
UT-B inhibitor identification by high-throughput screening. a Chemical structures of two

classes of UT-B inhibitors identified from screens. b Concentration—inhibition data with fit
to single-site inhibition model. ¢ Docking of UTBjn,-14 in a homology structural model of
human UT-B showing UTBj,y-14 binding at the cytoplasmic surface. The computed site of
urea analog methylurea (a urea analog) is shown. (Inset) Zoomed-in view of UTBju,-14
bound in a groove at the UT-B channel region. d Urine osmolality in wild-type mice
following dDAVP (1 pg/kg) and UTBijnn-14 (300 pg) (or vehicle) (mean + S.E., 6 mice per
group, * P <0.01). Same protocol as in B, but in UT-B knockout mice. Adapted from [1,
34]
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Fig. 11.3.
UT-A1 inhibitor identification by high-throughput screening. a Concentration-dependent

inhibition of UT-AL urea transport by compound UTAL;,,-Al, using the primary screening
assay described in Fig. 13.2c. b Chemical structures of UT-A1 inhibitors of four chemical
classes. c UT-AL/UT-B selectivity. Percentage UT-B inhibition (y-axis) and UT-Al
inhibition (x-axis) for active compounds of four chemical classes tested at 25 pM. d
Computational modeling of urea transporter—inhibitor interaction. Putative inhibitor
binding sites in rat UT-A1 showing zoomed-in and zoomed-out representations of UTAZL;h-
Al (left) and UTALjh-B1 (center) bound to the UT-AL cytoplasmic domain, and UTALjpn-
C1 (right) bound to the extracellular domain. Positions of putative urea binding sites
deduced from homology modeling are indicated. Adapted from [5]
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Fig. 11.4.
Urea transporter inhibition and diuretic activity of thienoquinolin (PU-14). a Chemical

structure of PU-14. b Dose-dependent UT-B inhibition of PU-14, determined by the
erythrocyte osmotic lysis assay. ¢ PU-14 of rat UT-A1 measured in stably transfected
MDCK cells. Where indicated, phloretin (0.7 mM) or PU-14 (4 uM) was present. d Diuretic
activity of PU-14. Rats were subcutaneously injected with indicated amounts of PU-14 just
after a 2-h urine collection (time 0). Urine samples were collected every 2 h. e Long-term
diuretic effect of PU-14. Rats were subcutaneously injected with PU-14 at 50 mg/kg for 7
days. f Concentration of osmoles, urea, and non-urea solutes in the inner medulla of rats
without (control) or with PU-14 treatment fed water ad libitum. Adapted from [17]
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