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Preface

As described in its contents, the first edition of Urea Transporters, published in
2014, focused on the mathematical modeling, genes, proteins, structure, expression
regulation, biochemical properties, transport characteristics, physiological func-
tions, small molecule inhibitors, and clinical aspects of urea transporters. Since the
publication of the first edition, this book has been welcomed by readers and down-
loaded more than 32,000 times. The second edition of Urea Transporters represents
an extensive revision and a considerable update of the first edition. For this second
edition, as in the first edition, our approach has been not just to describe what urea
transporters are and where they are expressed but to emphasize their protein struc-
ture, physiological functions, pathophysiological roles in diseases, and drug discov-
ery as a novel diuretic target. The contents were redesigned with 10 updated
chapters. We hope readers like it as much or more than the first edition.

Here we are grateful to the readers who have taken the trouble to write to us with
constructive comments and suggestions. We thank all authors and colleagues for
their contribution to this book.

Beijing, China Baoxue Yang
Atlanta, GA, USA Jeff M. Sands
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Chapter 1 )
Genes and Evolution of Urea Transporters i

Yi Ying, Bo Kan, Baoxue Yang, and Jeff M. Sands

Abstract Urea transporters (UTs) are a group of membrane channel proteins that
specifically facilitate the permeation of urea, from bacteria to mammals, playing an
essential role in urea reabsorption and water conservation. In mammals, there are
two subfamilies of UT: the UT-A group originally isolated from the kidney inner
medulla, and UT-B originally isolated from erythrocytes. The human UT-B gene
(Slc14al) arises from a single locus located on chromosome 18q12.1-q21.1, which
is close to the UT-A gene (SlcI4a2). The human SilcI4al gene includes 11 exons,
with the coding region extending from exon 4 to exon 11, and is approximately
30 kb in length. The rat Slc/4a2 gene is very large, containing 24 exons, approxi-
mately 300 kb in length, and encodes 6 different isoforms. The Sic/4a2 gene has
two promoter elements: promoter I, located upstream of exon 1, drives the transcrip-
tion of UT-A1, UT-A1b, UT-A3, UT-A3b, and UT-A4; promoter II, located within
intron 12, drives the transcription of UT-A2 and UT-A2b. This chapter will sum-
marize the evolution and genetic characteristics of UTs.

Keywords Urea - Urea transporter - Vasopressin - Kidney - Erythrocytes
The urea transporters (UTs), including UT-A isoforms and UT-B, are a group of

membrane channel proteins that specifically facilitate the permeation of urea, which
play an essential role in urea reabsorption and water conservation. UT-A isoforms,
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UT-A1-UT-A4 in mammals, are critical for renal urea recycling that contributes to
the maintenance of osmotic pressure in kidney. UT-A5 and UT-A6 are expressed in
testis and colon, respectively, but not in kidney. UT-B is expressed in various tis-
sues, especially in red blood cells and endothelial cells, where it facilitates urea
transport across membranes, regulating urea concentrations in tissues.

Cloning and characteristics of Urea Transporters

UT-A1

UT-Al, the largest isoform in the UT-A subgroup, was cloned by Shayakul et al. in
1996. The UT-A1 cDNA encodes a peptide of 532 amino acids, exhibiting 67%
sequence similarity with UT-A2 [1]. UT-A1 is expressed in the apical plasma mem-
brane and in the cytoplasm of the IMCD in rat [2-7], mouse [8], and human medulla
[9]. When expressed in Xenopus oocytes, rat, mouse, and human UT-A1 are stimu-
lated by cyclic AMP [1, 8-11]. Polyclonal antibodies have been raised against three
portions of UT-A1: the N-terminus [12], the intracellular loop region [13], and the
C-terminus [7, 14]. These antibodies often detect more than one UT-A protein since
the various UT-A isoforms result from alternative splicing of the UT-A gene.
However, they can be distinguished by the different sizes that are detected on
Western blot. In the inner medullary tip region, all anti-UT-A1 antibodies detect
protein bands at 97 and 117 kDa by Western blot [7, 13, 14]. The 97- and 117-kDa
proteins are glycosylated versions of a non-glycosylated 88-kDa UT-A1 pro-
tein [15].

UT-A2

UT-A2 was the first cloned urea transporter and was discovered by You et al. in 1993
[16]; in 1995 and 1996, its homologs in rats and humans were cloned, respectively
[17, 18]. UT-A2 and UT-A1l possess identical C-terminal amino acid sequences
(and 3' cDNA) but exhibit differences at the N-terminal (5’ cDNA) region [1, 8, 9].
Hence, UT-A2 is simply the C-terminal half of UT-A1. UT-A2 is recognized as a
55 kDa protein band in the renal medulla. Immunohistochemical examination dem-
onstrated that UT-A2 is expressed in the thin descending limb of the loop of Henle
[4, 7, 12, 19-23]. Specifically, UT-A2 is exclusively found in the final 28~44% of
the thin descending limb of short-looped nephrons [24]. Cyclic AMP analogs fail to
activate UT-A2 when produced in either Xenopus oocytes or human embryonic
kidney (HEK) 293 cells [1, 10, 11, 16, 17, 25, 26]. However, vasopressin does
enhance urea flow in MDCK cells that are stably transfected with mouse UT-A2,
mUT-A2-MDCK cells. Urea flow is also enhanced by forskolin and elevated intra-
cellular calcium in mUT-A2-MDCK cells. Inhibiting PKA with H-89 does not
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influence forskolin-stimulated urea flow in mUT-A2-MDCK cells [27]. In humans,
single-amino acid mutations in UT-A2, such as Val/lle 227 or Ala/Thr 357, have
been associated with a decrease in blood pressure [28]. These UT-A2 mutations
have also been linked to increased efficacy of the antihypertensive drug nifedipine
[29] and have more recently been shown to be associated with metabolic syn-
drome [30].

UT-A3

UT-A3 was cloned by Karakashian et al. in 1999 [26]. UT-A3 and UT-A1 share the
same N-terminal amino acid sequence (and 5’ cDNA sequence) but differ at the
C-terminal (3'-cDNA) end, making UT-A3 essentially the N-terminal half of UT-A1
[26, 46, 108]. Mouse UT-A3 shares 93% amino acid identity with rat UT-A3, 68%
with rat UT-A2, and 63% with rat UT-B [26, 31]. Histological analysis suggests that
UT-A3 is in the basolateral membrane of principle cells in inner medullary collect-
ing ducts (IMCDs) and facilitates transepithelial urea transport across the
IMCD. Cyclic AMP analogs can stimulate urea transport by UT-A3 when expressed
in Xenopus oocytes or HEK 293 cells [26, 32], although one study did not observe
this effect in oocytes [33]. Additionally, vasopressin enhances urea transport through
a PKA-dependent pathway in cells stably transfected with mouse UT-A3 (mUT-A3-
MDCK cells) [34]. UT-A3 has a single glycosylation site at N279, and altering this
site diminishes its membrane expression and urea transport efficacy. The mature
version of UT-A3 is extensively changed by sialic acid, with ST6Gall, not ST3GallV,
being responsible for its sialylation, which improves both membrane trafficking and
activity. Furthermore, PKC activation facilitates the sialylation of UT-A3, while
PKC inhibition blocks this process and decreases membrane expression. Sialylation
also increases the protein’s stability, and greater levels of sialylation correspond
with increased urea transport activity [35].

UT-A4

UT-A4 was cloned by Karakashian et al. in 1999 [26]. UT-A4 and UT-A1 have simi-
lar N- and C-terminal amino acid sequences (as well as 5’ and 3’ cDNA sequences).
However, UT-A4 is smaller, including mostly the N-terminal quarter of UT-Al
spliced with the C-terminal quarter of UT-A [26]. The UT-A4 cDNA encodes a
peptide of 466 amino acids, which is 84% similar to UT-A2. UT-A4 and UT-A3
exhibit 87% homology. UT-A4 mRNA is found in rat kidney outer or inner medulla
(although its specific tubular location is uncertain) and is activated by cyclic AMP
analogs when produced in HEK-293 cells [26]. Unlike in rats, UT-A4 has not been
discovered in mouse kidneys [36]. Induction by cisplatin may modify the UT-A4
protein, and further research should ascertain if glycosylation influences the func-
tion of UT-A4 [37].
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UT-A5

UT-AS5 was cloned by Fenton et al. in 2000 [32]. UT-AS cDNA is 1.4 kb. UT-AS5
was isolated and characterized from the testes, signifying a new isoform of the
UT-A transporter family. It has been identified just in the outermost layer of the
seminiferous tubules inside the testes, and not in the kidneys. The mRNA level of
UT-AS5 corresponds with the stage of testicular development and rises about 15 days
after birth, corresponding with the commencement of fluid flow in the seminiferous
tubules. The UT-AS5 cDNA has a predicted open reading frame that encodes a pro-
tein consisting of 323 amino acids [32]. The inferred amino acid sequence of UT-AS5
commences with methionine 139 in mouse UT-A3, subsequently exhibiting 100%
homology and a shared C-terminus with mouse UT-A3 [32].

UT-A6

UT-A6 was cloned by Smith et al. in 2004. UT-A6 is a unique urea transporter
within the UT-A family that has been discovered in the human gastrointestinal sys-
tem, especially in the colon [38]. Interestingly, UT-AG6 is poorly expressed only in
the adult colon and is not detectable in the human fetal colon, showing that the
expression of UT-A6 is controlled by the contents of the intestinal mucosa.
Expression of colon UT-A6 may be modulated by hyperosmolarity, similar to the
previously characterization of renal UT-A transporters [39]. The UT-A6 transcript
encodes a protein with 235 amino acids, making it the smallest member of the
UT-A family.

UT-B

UT-B was cloned by Olives et al. in 1994 [40] and was subsequently cloned from rat
and mouse [31, 41, 42]. There are two transcripts for UT-B. UT-B1 mRNA is widely
expressed and has been detected in many tissues, including kidney, brain, liver,
colon, small intestine, pancreas, testis, prostate, bone marrow, spleen, thymus, heart,
skeletal muscle, lung, bladder, and cochlea [3, 10, 18, 40-54]. Several polyclonal
antibodies have been made to either the N- or C-terminus of human UT-B1 [46, 53,
55]. These antibodies also detect UT-B1 in rodents [46, 53, 55]. On Western blot,
UT-B1 protein is detected as a broad band between 45 and 65 kDa in human red
blood cells and 37-51 kDa in rat or mouse red blood cells [42, 53]. UT-B1 protein
is detected in kidney medulla as a broad band between 41 and 54 kDa [53]. In both
red blood cells and kidney medulla, deglycosylation converts the broad band
detected on Western blot to a sharp band of 32 kDa. Human, mouse, and rat kidney
show UT-B1 immunostaining in the non-fenestrated endothelial cells that are
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characteristic of descending vasa recta [20, 42, 46, 53, 55-57]. UT-B1 protein is
also present in rat liver, colon, testis, brain, heart, lung, aorta, cochlea, spinotrape-
zius muscle, urothelial, and mesenteric artery [3, 44, 46, 47, 49, 50, 53, 54, 58, 59].

UT-B2 mRNA transcripts can be found in sheep and cow rumens, and their
expression is influenced by gastric acidity and alkalinity, rumen ammonia concen-
tration, and the type of food consumed in the digestive system of sheep and cows
[60—65]. The variation in UT-B2 abundance in ruminants to the level of nitrogen in
their food parallels the response of UT-B1 abundance in rats to fluctuations in urea
load or urine urea concentration [48, 66, 67].

Comparison of Amino Acid Sequences of Human
Urea Transporters

Figure 1.1 presents the amino acid sequences of 4 human isoforms of UTs: UT-A2;
UT-A3; UT-A6; and UT-B. The amino acid sequences of UT family members
exhibit a number of similarities. Typically, UT proteins have 10 predicted trans-
membrane helices; however, in the UT-A isoform, the combination of 2 tandem UT
domains leads in a total of 20 predicted transmembrane helices. Significant similar-
ity exists between the first five and final five transmembrane helices within each UT
domain, indicating that this protein may have developed from the duplication of a
primordial five-transmembrane helix protein. Additionally, comparative examina-
tion of the UT sequences has shown a significant feature: each five-transmembrane
repeat contains a conserved motif, which is thought to be essential for urea perme-
ability [68-71].

The three major protein variants produced by the human UT-A gene include
UT-A1l, UT-A2, and UT-A3. UT-A2 shares a common C-terminal amino acid
sequence with UT-A1, consisting of 397 amino acids. Meanwhile, UT-A3 shares a
common N-terminal amino acid sequence with UT-A1. UT-A6 features only three
membrane-spanning domains and an extracellular carboxy terminus. The character-
istics of human UT-A6 indicate that the encoded protein is 235 amino acids in
length, making it the smallest member of the UT-A family yet characterized. In
hUT-A®6, there exists a unique atypical region after amino acid 216 that is specific to
the UT-A family, consisting of 19 hydrophilic amino acids. This region is derived
from a newly identified 127-base pair alternative splicing exon, which encodes
these 19 amino acids along with a stop codon. Furthermore, this exon contains a
potential N-glycosylation site (N-I/N-T-W/G) located at the amino terminus at posi-
tion 223 [38]. Human UT-B protein encodes a peptide of 389 amino acids and
exhibits over 60% identity with UT-A2. Notably, the UT-B peptide contains a
unique “ALE” motif that is not found in other urea transport proteins [40, 72].

Previous studies have identified amino acids involved in urea binding: Q24/V25/
F27 (Pa), F80/L84 (T3a), L129/T130 (T5a), E187/V188/F190 (Pb), F243/1.247
(T3b), and L.293/T294 (T5b) (Fig. 1.1c). Notably, these amino acids are highly con-
served among the human UT-A and UT-B subtypes, as illustrated in Fig. 1.1 [71].
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Fig. 1.1 Amino acid sequence alignment of human UTs
Genes of Urea Transporters

The Sic14a2 (UT-A) Gene

The Slci4a2 (UT-A) gene was initially cloned from rat [73] and subsequently
cloned from human and mouse [9, 74]. The rat UT-A gene is a very large gene
(Fig. 1.2) with 24 exons and is approximately 300 kb in length (Fig. 1.2) [73, 75].
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Fig. 1.2 Comparison of the genomic organization of the urea transporter UT-A gene (Slc14a2) for
human, rat, and mouse. Above are schematic representations of the gene structure for each species.
Exon width is representative of actual size, and intronic distance is scaled. Introns >5 kb are repre-
sented by //and are not scaled. Triangles denote the o and  promoters. Coding exons and untrans-
lated exons (green) are drawn to scale. (Figure is reproduced with permission of the American
Physiological Society from Klein et al. [79])

UT-A1 is encoded by exons 1-12 spliced to exons 14-23 (exon 13 is not used for
UT-A1). UT-A3 is encoded by exons 1-12. UT-A4 is encoded by exons 1-7 spliced
to exons 18-23. There is a common transcription start site in exon 1 and translation
start site in exon 4 for UT-A1, UT-A3, and UT-A4. In contrast, UT-A2 is encoded
by exons 13-23 with an unique translation start site in exon 16. UT-A1b and UT-A2b
utilize exon 24, which is located in the 3’ untranslated region of the UT-A gene.
UT-A1b and UT-A2b have the same coding regions as UT-A1 and UT-A2, respec-
tively, but their cDNA transcripts differ due to use of exon 24 in the 3’ untranslated
region [76]. UT-A3b also results from expression of an alternative 3'-untranslated
region and results in a transcript that is ~1.5 kb longer than UT-A3 cDNA [76].

The rat Slcl4a2 (UT-A) gene contains two promoter elements: promoter I is
located in the typical position, upstream of exon 1, and drives the transcription of
UT-A1, UT-Al1b, UT-A3, UT-A3b, and UT-A4; while promoter II is located within
intron 12 and drives the transcription of UT-A2 and UT-A2b. When the 1.3 kb of
UT-A promoter I that is located immediately 5’ to exon 1 is cloned into a luciferase
reporter gene construct and transfected into mIMCD3, MDCK, or LLCPKI1 cells, it
shows evidence of promoter activity [36, 77]. This 1.3-kb promoter sequence does
not contain a TATA motif but does contain three CCAAT elements [36, 77]. UT-A
promoter I activity is significantly increased by hyperosmolality, and it contains a
tonicity enhancer (TonE) element [36, 77]. Dexamethasone, at a dose equivalent to
a level found during stress, reduces the activity of UT-A promoter I by 70% and
decreases the mRNA abundances of UT-A1, UT-A3, and UT-A3b in the rat inner
medulla [36, 77].The repressive effect of dexamethasone on UT-A promoter I activ-
ity does not occur via the consensus glucocorticoid response element (GRE) that is
present in UT-A promoter I [36, 77].

UT-A2 is under the control of a unique internal promoter, UT-A promoter II,
which is located within intron 12 [73, 76]. The transcription start site for UT-A2 is
located in exon 13, which is almost 200 kb downstream from exon 1 [73, 76]. Within
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intron 12, there is a TATA box 40 bp upstream of the UT-A2 transcription start site
and a cAMP response element (CRE) 300 bp upstream of the UT-A2 transcription
start site [73, 76]. This internal promoter region of intron 12 shows evidence of
promoter activity when it is transfected into mIMCD3 cells, along with a luciferase
reporter gene, and the cells are stimulated with cAMP; no promoter activity is
detected under basal conditions [73, 76].

The human Sic/4a2 (UT-A) gene is approximately 67.5 kb in length (Fig. 1.2).
The human gene is significantly shorter than the rat gene because: (1) it does not
contain an exon in the 3'-untranslated region that is analogous to rat exon 24; and
(2) the 5'-untranslated region is almost entirely located in exon 1 in humans, while
in rat, it spans the first 3 widely spaced exons [9, 73]. However, human UT-A does
contain an extra exon, exon 5a, which has not been reported in rat [38]. Exon 5a was
subsequently renumbered as exon 6, with a renumbering of all the downstream
exons [75]. The human UT-A gene gives rise to UT-A1, UT-A2, and UT-A3, similar
to rat, and to a shorter isoform, UT-A6 [75]. UT-A6 is encoded by human exons
1-11 (original nomenclature is exons 1-10 but including exon 5a) and is expressed
in colon [38].

The structure of the mouse Slc/4a2 (UT-A) gene is very similar to the rat Sic/4a2
gene (Fig. 1.2), with the exception that a mouse UT-A4 isoform has not been
detected [74]. The mouse UT-A gene contains 24 exons, is >300 kb in length, and
has two promoter elements, which are named a and g [74, 75]. UT-A promoter «,
which corresponds to promoter I in rat, contains a TonE element, and its promoter
activity is increased by hypertonicity [74]. In contrast to rat, the activity of mouse
UT-A promoter I (@) is increased by cAMP, even though no consensus CRE element
is present in promoter I (@) from either species [73, 74]. The mouse gene also gives
rise to a testis-specific isoform, UT-AS, which is encoded by exons 6-13 [32, 74,
75]. While all mouse UT-A isoforms originate from a single mouse gene, the tran-
scription start site of UT-A5 has not been determined and may be located down-
stream from mouse UT-A1 and UT-A3 [74]. Thus, whether UT-AS is driven by
promoter a or by a novel promoter element is not known, nor is it known whether
UT-AS5 is expressed in humans or rat (Table 1.1). UT-A promoter a has been further
characterized using a transgenic mouse in which 4.2 kb of the 5'-flanking region of
the UT-A gene is linked to a f-galactosidase reporter gene [78]. UT-AS differs
slightly with its amino terminus in the hydrophobic region, and UT-A6 contains
only three membrane spanning domains with an extracellular carboxy terminus [32,
38]. The largest isoform, UT-A1, represents a duplication of this structure linked by
a large hydrophilic intracellular loop [71]. The regulation of $-galactosidase trans-
gene by water restriction and glucocorticoids is similar to the regulation of the
endogenous UT-A promoter I (o) [36, 74, 77, 78].
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Table 1.1 Mammalian facilitated urea transporter gene families

RNA | Protein
Gene Isoform | (kb) | (kDa) AVP | Location | References

Slcil4al |UT-B1 | 3.8 43 DVR, Olives et al. [40], Couriaud et al. [41],
RBC*? Promeneur et al. [10], Tsukaguchi et al.
[31], Berger et al. [43], Timmer et al.
[53].
UT-B2 |3.7 43-54 |No | Bovine Stewart et al. [62], Tickle et al. [63]
rumen

Slcl14a2 | UT-A1 4.0 97,117 | Yes | IMCD Shayakul et al. [1]., Bradford et al.
[15], Bagnasco et al. [9].

UT-A1b | 3.5 Medulla® | Bagnasco et al. [76]., Nakayama et al.
(73]
UT-A2 |29 55 No¢ |tDL, liver | You et al. [16], Smith et al. [17], Olives

et al. [18], Promeneur et al. [10],
Nielsen et al. [7], Doran et al. [3],
Potter et al. [27]
UT-A2b | 2.5 medulla®, | Karakashian et al. [26], Bagnasco et al.
heart [76]., Duchesne et al. [85].
UT-A3 2.1 44, 67 Yes | IMCD Karakashian et al. [26], Fenton et al.
[32], Shayakul et al. [33]., Terris et al.

[86].
UT-A3b|3.7 medulla® | Bagnasco et al. [76].
UT-A4d | 2.5 43 Yes | medulla® | Karakashian et al. [26]
UT-A5 1.4 Testis Fenton et al. [32]
UT-A6" | 1.8 Colon Smith et al. [38]

Isoform names are based upon the urea transporter nomenclature proposed in [87]; AVP, urea flux
is stimulated by vasopressin; DVR descending vasa recta; RBC red blood cells

“also expressed in several other tissues and endothelial cells; /MCD inner medullary collecting
duct; tDL thin descending limb

b(exact tubular location unknown)

‘no in rat but yes in mouse

dcloned from rat only

¢cloned from mouse only

fcloned from human only

The Sic14al (UT-B) Gene

UT-B is encoded by a different gene, Sic/4al, than the UT-As [80]. However, UT-A
and UT-B contain tandem repeat sequences that may represent a urea transporter
signature sequence [81]. The Slc/4al (UT-B) gene was initially cloned from a
human erythropoietic cell line and subsequently cloned from rats and mice [31, 41,
42]. The human Sic/4al (UT-B) gene includes 11 exons, with the coding region
extending from exon 4 to exon 11, and is approximately 3917 bp in length (Fig. 1.3)
[82]. There are two mRNA transcripts, 4.4 and 2.0 kb, which result from alternative
polyadenylation signals; both are expressed in reticulocytes and encode a single
45-kDa protein [82].
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Fig. 1.3 Comparison of the genomic organization of the UT-B gene (Slc14al) for human, rat, and
mouse. Above are schematic representations of the gene structure for each species

Two rat cDNA sequences were originally reported for UT-B1 that differed by
only a few nucleotides at their 3’ end [31, 41]. It is unknown whether these small
differences may represent polymorphisms or sequencing artifacts.

The cDNA for mouse UT-B was cloned, encoding a protein of 384 amino acids,
which is expressed in the kidney, spleen, brain, ureter, and urinary bladder. In 2002,
Yang et al. first generated UT-B knockout mice through targeted deletion of exons
3-6 to analyze the mouse UT-B gene. They found that UT-B-dependent urea coun-
tercurrent exchange accounted for approximately one-third of the total capacity for
urine concentration in the kidneys, while contributing even more significantly to the
intrinsic ability of the kidneys to concentrate urea [42].

The Silc14a2 (UT-A) and Slc14al (UT-B) Genes Localization

Slc14al, the human UT-B gene, arises from a single locus located on chromosome
18q12.1- q21.1 (Fig. 1.4), which is linked with Sic/4a2, the human UT-A gene. The
analogous mouse genes, UT-B (Slc/4al) and UT-A (Sic14a2), also occur in tandem
on mouse chromosome 18 [83].

Evolution of Urea Transporters

The discovery and evolution of urea transporters (UTs) illustrates the capacity of
many species to adapt to their unique environmental challenges and physiological
requirements. Homologues are predominantly found in vertebrate animals and bac-
teria, excluding other eukaryotes and archaea. Analyses of sequence, structure, and
phylogeny reveal conserved regions and residues, indicating that a primordial
genetic element encoding five transmembrane helical segments (TMS) underwent
duplication to create a ten TMS-encoding element early in evolutionary history,
coinciding with the divergence of eukaryotes from prokaryotes. Two conserved,
highly amphipathic, putative alpha-helices preceding both 5 TMS repeat motifs are
expected to possess structural, functional, or biogenic significance. An additional
duplication event, or gene fusion event, occurred throughout the evolution of the
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Fig. 1.4 Schematic representation of the human UT-B (Sic/4al) and UT-A (Sic14a2) genes on
chromosome 18 and encoded isoforms of UT-A and UT-B urea transporters, respectively. The dif-
ferent boxes represent regions of hydrophobic amino acids. The black lines show coding sequences
that are common, while the red lines show coding sequences that are unique to that particular iso-
form (i.e., derived from novel exons) [84]

vertebrate lineage, resulting in 20 TMS mammalian homologues. The statistics
indicate that vertebrates acquired UT genetic information from bacteria a single
time, and all existing orthologues and paralogues in animals originated from this
singular system [69].

In lower organisms, such as bacteria, urea transporters are typically simpler and
often consist of single-domain proteins. Bacteriologists typically consider that urea
flows across bacterial membranes predominantly via passive diffusion. Yut [8§8] and
Urel [89, 90], two energy-independent urea transporters, appear to be channel-like
structures that allow urea to enter the cytoplasm via a urea pore driven by a favor-
able concentration gradient from gastric juice urea, which is maintained by rapid
urea hydrolysis by intrabacterial urease [88, 91].

As organisms evolved into more complex forms, including invertebrates and
early vertebrates, the genetic structure of UTs became progressively complex. In
these organisms, UTs started to diversify, with some species exhibiting numerous
isoforms of the protein. This diversity reflects the increased necessity for more
detailed control over nitrogen waste excretion and osmotic equilibrium as organ-
isms acquired more complex excretory systems during evolution.

In vertebrates, the principal metabolic process involved in urea synthesis is the
ornithine—urea cycle (OUC). A significant evolutionary feature of this system is its
obvious derivation from ancestral metabolic pathways prevalent in almost all ani-
mals [92]. One of the primary evolutionary novelties leading to the development of
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the OUC is the duplication of the cytosolic enzyme carbamoyl phosphate synthetase
II (CPSII), and its transfer to the mitochondria, becoming CPSI (in tetrapods) or II1
(in fishes). This mechanism was once considered a metazoan innovation; however,
current developments in comparative genomics indicate that the evolution of mito-
chondrial CPS predates metazoans, since it is seen in choanoflagellates and other
diatom species [93, 94]. This characteristic was likely subsequently lost in many
metazoan lineages, and the exploration of its physiological importance in early
eukaryotes requires additional inquiry [95, 96].

Current models of UT evolution in mammals suggest two key duplication events
originating from an ancestral UT gene (Fig. 1.5). In fish and amphibians, this gene
encodes proteins ranging from 380 to 475 amino acids, with 8 to 10 transmembrane
segments. The first duplication is believed to have led to the UT-B gene, which

— Phocoena phocoena sici4a2 UT-A
: Muntiacus reevesi slci4az UT-A
JEBG& taurus sic14a2 UT-A
=L Capricornis sumatraensis slc14a2 UT-A
Myotis brandfii slc14a2 UT-A
| Macaca fascicularis sicl4a2 UT-A
Macaca mulatia sic14a2 UT-A
Symphalangus syndactyius sicida2 UT-A
u| - Homo sapiens slc14a2 UT-A
L Pan troglodytes slcida2 UT-A
i Mus muscuius sic14a2 UT-A

—Eﬂaﬂus norvegicus slc14a2 UT-A
[ — Ailuropoda melanoleucasic14al UT-B
Capricornis sumatraensis sic14al UT-B
Bos tawrus slci4al UT-B
=L Bubalus bubalis sic14a1 UT-B
Sus scrofa slcidal UT-B
Camelus ferus slicidat UT-B
Hormo sapiens sicidal UT-B
Macaca mulatta sici4al UT-B
Mus musculus sic14al UT-B
Ratius norvegicus sic14at UT-B

Felis catus slc14a1 UT-B
Canis lupus familiaris sicidal UT-B

m— Trachemys scripta elegans sic1da2 UT-A

L Dermochelys coriacea slc14al UT-B

. Aphelocoma coerulescens sici4al UT-B
Molothrus seneus sic14al UT-B
Haligeetus albicillaslc14a2 UT-A
Cofius striafus sic14al UT-B

m Scophthal imussic14a2 UT-A
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Danio rerio slc14a2 UT-A
i Carassius auratus sicida2 UT-A
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Hyperolius iggenbachi sicid4at UT-B
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—
0.05

Fig. 1.5 The phylogenetic tree of UTs
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UT-A3

0.05
—

Fig. 1.6 The phylogenetic tree of 5 rat UTs. The tree shows UT-A1, UT-A2 (orange oval); UT-A3
(light yellow oval); UT-A4 (puple oval) and UT-B1 (green oval)

evolved a distinct amino acid sequence aligned with its role in red blood cells and
related tissues. The second duplication event led to the enlargement of the UT-A
gene, producing two highly homologous halves. When fully transcribed and trans-
lated, this gene produces the UT-A1 isoform, while alternative splicing generates
five additional isoforms (UT-A2 through UT-A6) with diverse, tissue-specific
expression patterns. Phylogenetic analyses indicate that the duplication and differ-
entiation of UT-B occurred before the internal duplication within UT-A (Fig. 1.6).

All UT-A and UT-B isoforms exhibit significant structural homology at both the
nucleotide and amino acid levels. Their predicted primary structure includes 10
transmembrane domains organized into two hydrophobic repeats, an extracellular
loop, intracellular N- and C-termini, a single N-glycosylation site, and multiple
phosphorylation sites for protein kinase A (PKA) and protein kinase C (PKC). This
structural organization highlights the functional versatility of UT isoforms in nitro-
gen waste excretion and osmoregulation across species.
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Mengyao Xiong, Shenming Huang, Jinpeng Sun, and Baoxue Yang

Abstract Urea transporters (UTs) facilitate the rapid transport of urea from the
extracellular space to the intracellular space through a selective transport mecha-
nism driven by urea concentration gradients. Advances in Cryo-electron micros-
copy and X-ray crystallography have enabled us to solve the homotrimer structures
of UT-A and UT-B, which share a common feature comprising two homologous
domains surrounding a continuous transmembrane pore, indicating that UTs trans-
port urea via a channel-like mechanism. By analyzing the structures of ligand-
protein complexes, results from molecular dynamics simulations, and functional
data on urea analogues and small molecule permeation inhibitors, we can gain a
deeper understanding of the conservation and specificity of the urea channel archi-
tecture, and clearly recognize how urea is transported by UTs and the mechanisms
of small molecule inhibition. This will provide an important structural basis for
drug design and development.
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Structural Studies of Urea Transporters

Structural and Functional Insights into Urea Transporters

Within the lipid bilayer of cells, two kinds of key transmembrane proteins, namely
“channels and transporters”, play crucial roles in mediating the transport of sub-
stances across the cell membrane. Channels facilitate transport by forming continu-
ous, semirigid pores spanning the bilayer, whereas transporters possess a central
substrate-binding site that alternately exposes itself to either side of the bilayer
through a series of conformational changes.

Proteins of the Urea Transporter (UT) family, which transport urea passively at
high speeds of 10* ~ 10 molecules per second, exhibit selectivity for urea and a few
analogues, and reach saturation at high urea concentrations [1—4]. The amino acid
sequences of UT family members share numerous characteristics, typically includ-
ing 10 predicted transmembrane helices. UT-A1 may be composed of two tandem
UT domains, possibly containing a total of 20 transmembrane helices. Notably, the
regions corresponding to the first and last five transmembrane helices of each UT
domain exhibit significant homology with each other, suggesting that the protein
may have arisen from the duplication of an ancestral five-transmembrane helix pro-
tein [5]. Analysis of UT sequences has revealed a conserved motif LPXXTXPF
every five transmembrane repeats, which is crucial for urea permeation [6]. This
consistency with channel behavior implies that urea transporters are essentially urea
channels.

To gain a deeper understanding of the functional properties of urea channels,
atomic-level structural resolution is indispensable. This chapter discusses the struc-
tures of several members of the UT family, elucidating their permeation and selec-
tivity mechanisms. Furthermore, the structures of UTs with inhibitors reveal the
specific mechanism of small molecule inhibitors in their action process, providing
valuable insights for us to understand and optimize the function of such inhibitors.

Determination of UT Structures Across Multiple Species

High-resolution structures are usually the basis for understanding the mechanisms
of protein function. In this exploration process, X-ray crystallography, Cryo-
electron microscopy (Cryo-EM), and Nuclear magnetic resonance (NMR) tech-
niques play a crucial role. A high-resolution structure typically serves as an essential
prerequisite for elucidating the mechanistic basis of a protein’s function. Given the
general stability and relative ease of crystallization exhibited by bacterial proteins,
initial efforts to obtain the structure of UTs through X-ray crystallography predomi-
nantly centered on bacterial homologs. Bacteria can utilize urea for two purposes:
firstly, as a nitrogen source essential for the synthesis of amino acids and
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nucleotides, and secondly, in the specific case of enteric bacteria, to generate ammo-
nia, serving as a protective buffer against the highly acidic environment of the gas-
trointestinal system [7, 8].

In 2002, Sebbane and colleagues cloned and sequenced a UT, yUT, from the
enteric pathogen Yersinia pseudotuberculosis, demonstrating its ability to function-
ally complement Urel, a proton-gated urea channel derived from the ulcer-causing
pathogen Helicobacter pylori [9]. Surprisingly, yUT possessed no detectable
homology to Urel, but instead shared 21% ~ 25% sequence identity to the mam-
malian UTs. Subsequently, the crystal structure and cryo-EM structure of Urel in
closed and open conformations were analyzed successively, revealing the fine gat-
ing mechanism of Urel [10, 11]. As more bacterial genomes became available, other
bacterial UTs were identified and characterized, including ApUT from Actinobacillus
pleuropneumoniae [12]. ApUT was the first UT to be purified in detergent and sub-
sequently reconstituted into proteoliposomes, which were used in stopped-flow
fluorimetry assays of urea permeation [13]. Research demonstrated that ApUT
facilitated rapid, downhill flux of urea and exhibited sensitivity to inhibition by
phloretin, a defining feature shared by mammalian UTs [14]. The findings indicated
that bacterial UTs could serve as suitable model systems for conducting structural
investigations of the UT family.

The initial crystal structure of a UT family member to be determined was that of
dvUT, the homolog derived from the bacterium Desulfovibrio vulgaris [15].
Subsequently, the structure of bovine UT-B was determined by overexpressing the
mammalian protein in insect cells, adding to the growing body of structural knowl-
edge within the UT family [16]. As cryo-EM technology became increasingly
mature and widely used, researchers have cleverly utilized detergents to success-
fully extract and purify overexpressed target proteins, such as human UT-A, from
the cell membranes of insect cells or the human embryonic kidney cell line,
HEK?293F. Through this cutting-edge technique, researchers not only revealed the
high-resolution cryo-EM structure of UT-A3 but also delved into the mechanism of
how a selective inhibitor, UT-B;,;, 14, effectively inhibits UT-B at the structural per-
spective [17].

Additionally, the discovery of phospholipid molecules closely related to the
function of the urea channel significantly enriched our understanding of the bio-
physical characteristics of these channels [17]. Simultaneously, researchers focused
on the UT-A family, successfully resolving the structures of multiple members of
the UT-A family and their complexes with various small molecule inhibitors. These
structures encompass UT in its resting state, urea binding state, and inhibitors bind-
ing state. Combining with the molecular dynamics simulation techniques, research-
ers further revealed the complex and subtle dynamic binding mechanisms between
drugs and proteins, providing a solid structural basis and dynamic perspective for
in-depth understanding of the urea channel transport mechanism and the mecha-
nism by which small molecule drugs inhibit the urea channel, which might promote
the development and optimization of treatment strategies for related diseases [18].
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Structural Characteristics of the Urea Transporters

Topological Structures of UT-A and UT-B

Among the reported members of the UT-A family, the cryo-EM structures of UT-A2
and UT-A3 have been thoroughly studied. The cryo-EM structure of UT derived
from zebrafish, zfUT, encoded by the Slc/4a2 gene, has also been unveiled [17, 18].
The structure of human UT-B was analyzed in detail after the structure of dvUT and
bovine UT-B were elucidated. Consistent with UT-A2, UT-A3, and zfUT, these UT
proteins exhibit a similarity protein backbone structure and share the same overall
folding pattern [15-17]. These proteins form trimers with parallel orientations
within the membrane, and there is a large cavity located at the trimer interface
(Fig. 2.1a—d). Each UT unit is composed of 10 complete transmembrane helices and
2 half-helices along the axis of the urea transport channel, designated as la-5a,
1b-5b, Pa and Pb, and their urea transport channels are tightly enclosed by helices
from both symmetric halves, including 3a, 3b, 5a, 5b, Pa and Pb. Pa and Pb are
designated as “re-entrant” helices, meaning they constitute segments of structures
that initiate their entry into the membrane from one side, penetrate only partially
through the bilayer, and subsequently re-exit on the same side. These two re-entrant
helices in the UT structures extend roughly halfway into the membrane and are
tilted at approximately 45° relative to the bilayer plane. Assuming that the UT pro-
teins obey the “positive-inside” rule [19], it can be inferred that the N-terminal and
C-terminal of each UT subunit are oriented towards the intracellular side (Fig. 2.2).
This topology is consistent with the location of known sites of posttranslational
modifications, notably including N-glycosylation sites located on the extracellular
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Fig. 2.1 Structural representation of hUT-A2, hUT-A3, hUT-B and zf-UT. (a—d) Structural repre-
sentations of apo-hUT-A2 homotrimer (a), apo-hUT-A3 homotrimer (b), apo-hUT-B homotrimer
(c¢) and apo-zf-UT homotrimer (d), from the side view (left) and the extracellular view (right),
respectively. (Data cited from ref. [18])
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loop between the fifth and sixth transmembrane helices of both UT-A and UT-B [20,
21], as well as phosphorylation sites on the N-terminus of UT-A1 and UT-A3 [22].

The first five and last five transmembrane helices in the UT protomer each form
a separate domain with an approximate semicircular shape, known as the a-half and
b-half, are cleverly linked by a long extracellular loop (LECL) (Fig. 2.2), and the
two domains also each contain one re-entrant helix. Consistent with their sequence
homology [5], the two domains are similar and can be aligned with a root mean
square deviation (RMSD, a measure of the average distance between equivalent
atoms in two structures) of less than 1 A. Because their topology is inverted with
respect to each other, the two repeats give the UT fold twofold pseudosymmetry
along an axis parallel to the plane of the membrane. Inverted internal structural
repeats are found frequently in membrane proteins and have been observed previ-
ously in a number of channel and transporter folds [23—29]. The three-dimensional
structures of UT-A and UT-B are similar, as their urea transport channels are tightly
enclosed by helices from both symmetric halves, including 3a, 3b, 5a, 5b, Pa, and Pb.

Structural Conservation and Differences Between UT-A
and UT-B

Mammals have two UT genes that, via alternative splicing, are used to construct
different proteins with at least five unique transmembrane domains. The bovine
UT-B and dvUT have only approximately 33% sequence identity, and yet the RMSD
between their transmembrane helices is less than 1 A. UT-A and UT-B family mem-
bers exhibit a high degree of structural similarity, both being homotrimers. Each UT
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channel is composed of 10 complete transmembrane helices and 2 half-
transmembrane helices that are symmetrically arranged along the axis of the urea
transport pathway, responsible for the transport of urea.

Comparative studies show that the basic features of the core hydrophobic regions
of UT protomers, including the ten transmembrane helix topology and the location
of the permeation pathway, are conserved across the UT family [18]. Channel pro-
teins typically have close interactions with lipid molecules, which assist in facilitat-
ing the functional roles of the channel proteins. These lipid molecules help to
enhance the stability of the proteins within the cell membrane, increase enzymatic
activity, and maintain osmotic pressure gradients, among other functions [30-35].

The cryo-EM maps of both HsUT-A and HsUT-B structures reveal distinct char-
acteristics that are in harmony with phospholipids. These discernible features are
located on the extracellular side of the transmembrane surface, with one notable
feature residing between the subunits. MS analysis identified specific phospholipid
molecules associated with UT-B, including phosphatidylethanolamines (PEs) and
phosphatidylinositols (PIs), which may contribute to the stability of the trimeric
structure or confer selectivity in the permeation of urea and other similar solutes.
Further investigation is warranted to elucidate whether lipid molecules are present
within the central pore of the trimer, potentially influencing its functional properties.

The soluble regions of various mammalian UT proteins exhibit considerable
variability. For example, the UT-A isoforms UT-A1 and UT-A3 have an N-terminal
domain of approximately 90 residues, which is predicted to be unstructured. In
contrast, the N-terminus of UT-B is relatively short, and UT-A1 has an intracellular
linker over 100 residues long connecting the two UT domains. The N-terminus of
hUT-B is similar to that of zf-UT, and compared to hUT-A2, it contains two addi-
tional helical structures, named N1 and N2 respectively (Fig. 2.2). Compared to the
corresponding position of UT-A2, the C1 helix of UT-B rotates outward by approxi-
mately 11°, the intracellular terminal of 4a, LECL, and long intracellular loop
(LICL) shift inward. Notably, despite the commonalities between the different
UT-A subtypes, significant structural differences exist among UT-A family mem-
bers, primarily focused on the N-terminal, C-terminal, LECLs, and LICLs.
Specifically, compared to hUT-A2, hUT-A3 possesses an additional a-helix at its
N-terminus, and its C1 helix is one helical turn shorter, rotated outward by approxi-
mately 8°. Additionally, when compared to hUT-A2, the C1 helix of zf-UT is rotated
outward by about 6°, accompanied by inward shifts of both the LECL and LICL
[18]. Post-translational modifications in these regions likely account for differences
in how the mammalian UT isoforms are regulated and trafficked [36].

The surface negative charge of UT-A3 is much greater than that of UT-B family
members. HsUT-A3 shows significantly more negative surface charge on its extra-
cellular side compared to members of the UT-B family, especially for dvUT [17].
While the individual subunits of different UT proteins likely have highly similar
folds, the oligomeric state among all homologs remains less definitive.

Native gel electrophoresis and a low-resolution projection map from 2D crystals
suggested that the bacterial homolog ApUT forms a dimer [13]. Because the UT-A1
isoform contains two tandem UT domains, it is unable to form a three-domain
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homotrimer similar to UT-B. Furthermore, the formation of a heterotrimer between
UT-A1 and UT-B, or any of the single-domain UT-A isoforms, appears improbable
due to their spatial segregation within renal tissues. UT-A3 and UT-A1 are both
expressed in the epithelia of the inner medullary collecting ducts, but UT-A1 is
localized to the apical membrane [37], while UT-A3 is localized to the basolateral
membrane [38]. One possibility is that UT-A forms a higher-order complex than
UT-B, such as a hexamer. Because the permeation pathway is enclosed within a
single protomer, differences in the number of subunits may not have a significant
effect on the function of the protein. Alternatively, urea binding to dvUT exhibits a
Hill coefficient of ~3 [15], which could be indicative of strong positive cooperativ-
ity between the different subunits. Additional structural studies on the UT-A homo-
logs will likely be necessary to resolve this issue.

Features of the Permeation Pathway

The clear perspectives of Fig. 2.1 reveal the unique architecture of the UT trimer at
the convergence center of its three subunits. A significant large cavity is highlighted
in the core region, which is a distinctive feature of the UT trimer. Although this cav-
ity is located at the center, it is surrounded by hydrophobic residues on both sides of
the membrane. It is likely that some lipid molecules are also filled inside the cavity,
forming a stable structure. Further observation of the UT trimer reveals that each
subunit contains a channel, a solvent-accessible pore that spans from one side of the
bilayer to the other (Fig. 2.3a).

Through sequence alignment analysis, the amino acids in these channels have
been confirmed to be composed of a series of highly conserved residues that are
closely arranged. These conserved residues have remained unchanged throughout
the long evolutionary process, strongly suggesting their core role in the function of
the UT trimer. It is likely that they serve as important gateways for the transport of
urea and other small molecules across cellular membranes. By delving into these
intricate structural features, we not only gain a more comprehensive understanding
of the specific mechanism of the UT trimer in cellular membrane transport but also
provide valuable structural foundations for the development of novel drugs target-
ing the UT trimer.

The UT pore can be divided into three regions: two hydrophilic vestibules that
form the entrances to the pore on either side, which are wide enough for an entering
urea molecule to retain its hydration waters, and a narrower region approximately
15 A long at the center of the pore, lined with highly conserved residues. This con-
stricted region, referred to as the selectivity filter, ranges in diameter from ~1 to 3 A
across and is roughly rectangular in cross section. The pseudosymmetry axis of the
protein runs directly through the center of the pore. The structural elements forming
the four walls of the pore include the two pore helices (Fig. 2.3b), the third trans-
membrane helices from each pseudosymmetry repeat (T3a and T3b), and the fifth
transmembrane helices from each repeat (T5a and T5b). These last two helices are
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Fig. 2.3 The urea transporter permeation pathway. (a) The central pore in a bUT-B protomer is
shown as a green surface. Residues lining the pore are shown as sticks. (b) The locations of the
pore helices are shown relative to the UT pore. (¢) The UT selectivity filter shown from two orien-
tations, divided into the So, Sm, and Si regions. Conserved residues capable of forming hydro-
philic (left) or hydrophobic (right) interactions with ligands within the filter are highlighted with
color. (Data cited from ref. [16])

actually shorter than the full length of the membrane, so that the regions forming the
selectivity filter are unwound and expose backbone elements to the lumen of the
pore. In the UT-A structure, the urea transport channel connecting the extracellular
section to the intracellular region is composed of helices 3a, 3b, 5a, 5b, Pa and Pb.
This region also corresponds to the location of the conserved signature motifs [6].

The selectivity filter can be further subdivided into outer, middle, and inner
regions, referred to as So, Sm, and Si (Fig. 2.3¢c). So and Si are related by the pseu-
dosymmetry axis and have a similar architecture. One wall of the pore at these sites
is formed by a row of oxygen atoms contributed by backbone carbonyls and side
chains located on the C-terminal ends of the pore helices, which point directly into
the selectivity filter. The ability of these atoms to act as hydrogen bond acceptors
would therefore likely be strengthened by the helix dipole moments. These oxygen
atoms are flanked by hydrophobic residues from T3a and T3b, which form the two
perpendicular walls of the selectivity filter. The Sm site is the narrowest region of
the pore and is hydrophobic except for a pair of threonine residues from the con-
served LPXXTXPF motifs on the N-terminal ends of T5a and T5b. These residues
form a hydrogen bond that crosses the center of the selectivity filter.
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Structural Basis of Permeable Urea and Selective Inhibitors

The structures of UT-A and UT-B series proteins have laid a solid foundation for the
in-depth analysis of the binding and permeation mechanisms of urea and its ana-
logs. Notably, in the structures of hUT-A2 and zf-UT, urea molecules and their
paired water molecules exhibit clear density maps. By further integrating molecular
dynamics simulation studies, we can more thoroughly elucidate the specific mecha-
nisms of UTs in the process of urea transport, thereby deepening our understanding
of their physiological functions and pathological implications. Notably, selective
inhibitors of UTs have demonstrated significant potential as high-efficiency diuretic
drugs. Through in-depth investigations into the structures of small molecule com-
pounds in complex with UT-A and UT-B, we can precisely reveal the mechanisms
of these inhibitors. This not only provides valuable structural insights for designing
novel inhibitors with higher selectivity and lower side effects but also opens up new
avenues for drug discovery and optimization.

Potential Urea Permeation Mechanism of UT-A and zf-UT

There are two urea-binding pockets in the hUT-A2 channel, one in the extracellular
urea binding pocket (EUBP) and the other in the cytoplasmic urea binding pocket
(CUBP), and the two urea molecules are separated by about 10 A. EUBP is com-
posed of 7 residues, and CUBP is composed of 5 hydrophobic residues and 2 polar
residues (Fig. 2.4a). Urea molecules in EUBP and CUBP form a symmetrical polar
interaction and hydrophobic accumulation. This process involves the interaction of
urea molecules with specific amino acid sites in the hUT-A2 protein channel.

First of all, free urea molecules in solution are captured by the flexible side chain
of Q231™ in the extracellular region (So region). The urea molecules are then
brought into the So region of the transport channel by the rotation of the side chain
of Q231" and coordinated by water molecules. At this stage, the two basic nitrogen
atoms of the urea molecule form a salt bridge with the main chain oxygen atoms of
Q231" and V232* and a hydrogen bond with the hydroxyl group of T338.

Then, the flexibility of the side chains of L1313 and F287* and hydrogen bond
transfer mediated by the side chain of T338% pull the urea molecules into the Sm
region. The Sm region of the UT transport channel constitutes a comparatively con-
fined cavity consisting of three residue pairs, namely, T176%-T338%, L127% -1.2913,
and F179%-F341% (Fig. 2.4b). The analysis indicated that the side chains of T176>
and T338% underwent an another rotation of approximately 40°. Subsequently, the
side chains of T176%-T338% and F179*-F341%* underwent rearrangement, facilitat-
ing the passage of urea molecules through the Sm region. Urea molecules formed
hydrogen bonds with the hydroxyl group on the side of T338%, as well as the car-
bonyl group on the side chain of T176% and the main chain of V232" (Fig. 2.4c).
Moreover, the rearrangement of the configurations of the residue pairs L127%-
L2913 and F179%-F341% may allow the entry of urea molecules.
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Finally, the movement of the T176 side chain may transfer the urea molecules
from the Sm region to the Si region, where they may adopt an interaction pattern
that mirrors the symmetry observed in the So region, because the distribution of
amino acids in the So and Si regions of the channels is relatively symmetrical [15,
16]. Consequently, the urea bound to the Si region is released into the cytoplasm,
marking the completion of its transport from the extracellular side to the intracel-
lular side.

In comparison to the cryo-EM structure of urea-hUT-A2, the structure of urea-zf-
UT exhibits an additional EM density connected to the “So” region on the extracel-
lular side, which is named the “So’” region, a cavity surrounded by the side chains
of F135%, .284% and P335FL% (Fig. 2.5a, b). The molecular dynamics simulations
indicated that F135% and 1.284°" form transient interactions with urea during urea
transport. On the intracellular side, the EM density of zf-UT-urea enabled the iden-
tification of two additional urea binding sites, Si’ and Si”, which are linked to the Si
region through an “L”-shaped configuration. Specifically, urea in the Si’ region con-
tacts F300°® and L363", and urea in the Si” region interacts with Y1213 and
S160* (Fig. 2.54a, ¢). Urea showed similar interaction modes in the So and Si regions
to those in the urea-hUT-A2- structure, including the polar network constituted by
the Q231™-T338*-T176%-Q67* motif and hydrophobic interactions involving
L131%, F287%, F70™ and Y123%*. These findings indicate that a common mecha-
nism and conserved motifs govern urea transport across UTs from different species.

Interactions with Urea and Urea Analogs of UT-B and dvUT

Structures have been solved for dvUT bound to the urea analog 1,3-dimethylurea
(DMU) [15, 39] and bovine UT-B bound to selenourea [16] (Fig. 2.6a). Both struc-
tures contain two molecules of the substrate bound to the selectivity filter, one in So
and the other in Si (Fig. 2.6b, c¢). Both DMU and selenourea are oriented with their
amide nitrogens positioned to form hydrogen bonds with the oxygen atoms at the
ends of the pore helices. In the DMU-bound structure, ordered water molecules are
also visible forming hydrogen bonds with the oxygen atoms on both DMU mole-
cules, suggesting that the substrate is not fully desolvated in these regions.
Comparison of the binding sites of the two substrates shows that their locations are

<
<

Fig. 2.4 (continued) The key residues interacting with urea in EUBP and CUBP are shown as
sticks while the urea and water molecules are displayed as stick-balls and red balls, respectively.
The H-bond is shown as red dash line. (b) The hydrogen bonding and hydrophobic interactions of
urea in the urea transport channel of hUT-A2. The black dashed lines were used to separate So, Sm
and Si regions of the channel. The H-bond is shown as red dashed line and the cation-w interaction
are shown as purple dashed lines. (¢) Metadynamics simulations elucidate the passage of urea
through the Sm region. This process involves a rotation of the side chains of T176°* and T338,
facilitating the rearrangement of T176°-T338% side chains. Notably, hydrogen bond formations
between urea and specific residues, including T338% and T176%, are depicted. The H-bond is
shown as red dashed line. (Data cited from ref. [18])
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Fig. 2.5 Structural analysis of urea transport in zf-UT. (a) The location of the urea molecules is
modeled into six regions shown as So’, So, Sm, Si, Si’ and Si’ in the zf-UT channel surrounding
with presentation of key interacting residues. The urea transport channel of zf-UT is depicted by a
white dotted line with the inner urea molecules displayed as stick-balls. The conserved QF*-T>"-T>-
QP motif is shown as green dots. (b and ¢) The interactions between urea and the key residues in
the zf-UT urea transport channel is shown as blue dots. In the extracellular side of the channel (b),
the urea molecules form H-bond with side chains of Q231 and T338%, and main chain of V232,
When in the intercellular side (c), the urea molecules engage H-bonds with side chains of Q67"
and T176%, and the main chain of V68, 1363, The H-bonds are shown as red dashed line.
(Data cited from ref. [18])

not exactly equivalent: DMU bound to So is positioned to potentially form hydro-
gen bonds with the first and second oxygen atoms, while selenourea is positioned to
interact with the second and third. Similarly, the binding sites are slightly offset in
Si as well. This suggests a mechanism for how the selectivity filter could continu-
ously provide at least two hydrogen bonds to a urea molecule migrating stepwise
through the So and Si sites.

No electron density corresponding to substrates was observed in the Sm region;
however, it remained ambiguous whether this was due to the absence of a stable
binding site in this region, or because the larger, impermeable DMU and selenourea
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Fig. 2.6 Ligand-binding sites in the urea transporter selectivity filter. (a) The chemical structures
of urea, dimethylurea (DMU), and selenourea. (b, ¢) The locations of DMU molecules in the dvUT
structure (b) and selenourea molecules in the bUT-B structure (c) are shown relative to the oxygens
lining one side of the selectivity filter. The central threonines in the Sm site and ordered water
molecules within hydrogen bonding distance to the bound substrates are shown as well. (Data cited
from ref. [15, 16])

analogs could not enter the narrowest region of the pore. To gain additional informa-
tion on the interaction between urea and the pore, particularly in the Sm region,
molecular dynamics simulations were carried out on bovine UT-B and used to cal-
culate a potential of mean force (PMF) for urea permeation, representing the change
in the total energy of the system as a function of the position of urea in the pore [16].

Multiple local energy minima were observed in the So and Si sites, indicating
that these regions contain a series of low-affinity urea-binding sites. These minima
agree well with the observed positions of urea analogs in the crystal structures.
Also, in agreement with the ligand-bound crystal structures, urea in the So and Si
sites was still partly solvated and oriented in alignment to the pore helix dipoles.
Upon entering the Sm site, urea was completely stripped of hydration waters and the
PMF exhibits a large energy barrier, with a maximal AG of ~5 kcal/mol. No confor-
mational changes other than thermal fluctuations were required for urea to pass
completely through the pore, confirming that UTs are channels, not transporters.

Based on calculation and modeling combined with the Monte Carlo (MC)
method, the urea flux in dvUT, the combination of equilibrium urea and dvUT, and
the process of urea substitution by DMU in dvUT were simulated [39]. Of the dif-
ferent UTs, the selectivity of UT-B has been the most thoroughly characterized due
in part to the early development of assays for measuring substrate flux through
UT-B in erythrocytes [40—42]. This approach has been used to test the selectivity of
UT-B with a large number of urea analogues [4].

The channel can permeate formamide and acetamide at rates close to those for
urea, indicating that loss or substitution of one amide nitrogen is tolerated. Transport
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is significantly decreased by changes to the substrate that increase the size and
decrease the strength of potential hydrogen bonds, such as substitution of the oxy-
gen atom with sulfur in thiourea, or N-methylation of the amides in DMU; however,
both of these compounds are effective inhibitors of UT-B.

The structural data discussed above provide a rationale for this behavior: DMU
and thiourea are able to compete with urea for binding to the So and Si sites but have
difficulty permeating through the constricted Sm site. In comparison with UT-B,
functional data on UT-A are relatively scarce; however, transport through mouse
UT-A2 and UT-A3 has been measured in vesicles derived from oocyte plasma mem-
branes [1]. Both homologs exhibited higher selectivity than UT-B and did not per-
meate any of the tested urea analogs, including formamide and acetamide. The
residues forming the selectivity filter in both UT-A domains and UT-B are similar,
and the structural basis for this difference in selectivity is not yet understood.

Structural Basis of the Selective Inhibitors of UT-A

Competitive inhibitors competitively bind to the active site, competing with sub-
strates [43]. 25a is a synthetic competitive inhibitor of UT with potency in the
micromolar range [44]. In the cryo-EM structure of 25a-hUT-A2, the furan ring of
25a occupies the EUBP and CUBP regions of hUT-A2. This is achieved through a
variety of polar and hydrophobic interactions with amino acid residues in the EUBP
pocket, including T338%, Q231%, L131%, F179%, V323%, F287%, and C337°. The
interaction mode of 25a with CUBP is symmetrical to that with EUBP. Notably, 25a
also occupies two additional pockets on the extracellular side and intracellular side,
which are designated as the extracellular blocker binding pocket 1 (EBBP1) and
cytoplasmic blocker binding pocket 1 (CBBP1)—on both sides of the cellular mem-
brane. The benzene ring of 25a engages in n-n stacking interactions with F135% in
the EBBP or with F120* and F300%* in the CBBP, the terminal end of 25a reached
the confines of the outer EBBP, touching L202MECt, A326%, and P3365%, while
within CBBP, it encounters a more spacious environment by engaging 1363t
(Fig. 2.7). These findings were supported by functional experiments following
mutations. These structural and mutational analyses indicated that 25a, as a urea
channel blocker, competes with urea to form hydrogen bonds with the conserved
QPP-T3*-T32-QP* motif necessary for urea transport, thereby competitively inhibiting
UT activity by binding to both ends of the transmembrane transport channel (EUBP
and CUBP) [18].

The aminothiazolone derivative UTA;,,-B3 (ATB3) is a competitive inhibitor of
hUT-A2, with an inhibitory effect approximately six-fold stronger than that on
UT-B [45]. In the cryo-EM structure of ATB3-hUT-A2, the benzene ring and thia-
zole ring of ATB3 have some shifts compared to 25a, forming a new binding pocket
composed of F135%, L.202ECE, F2823%, and 1.284%, named EBBP2, a new interac-
tion is formed between ATB3 and F282%. In the EUBP, the nitrogen atoms and
carbonyl group of the thiazole ring of ATB3 engage in hydrogen bonding and polar
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Fig. 2.7 The cutaway view of binding pockets of 25a in extracellular side or cytoplasmic side. (a)
In the extracellular side, the 25a occupied two subpockets, the EBBP1 and EUBP, represented by
red or blue dashed line, respectively. (b) On the intracellular side, the 25a occupied CBBP1 (violet)
and CUBP (blue). Residues forming polar interactions or hydrogen bonds with 25a are depicted
using triangles. Residues only forming hydrophobic or van der Waals interactions are depicted as
solid round circles. The 25a is represented by stick-ball and the hUT-A2 is represented by surface.
(Data cited from ref. [18])

interactions with Q231 and T338%, the ortho-methoxy group of ATB3 forms
hydrophobic interactions with 1.284% and P3365°L%* in EBBP1, while the benzene
ring and the meta-methoxy group form n-x stacking and hydrophobic interactions
with F135%, L202LECL F282%, and L.284% in EBBP2 (Fig. 2.8). On the cytoplasmic
side, the thiazole ring is 1.5 A away from the channel’s Sm region and forms polar
interactions with Q67" and T176%* in CUBP.

Remarkably, the thiazole ring of ATB3 forms extensive polar interactions with
the “QP°-T*-T%-Q"*” motif in the UT channel, which is crucial for UT transport.
Therefore, the mechanism of ATB3 inhibiting UT may be based on competing with
urea for interactions with the “QF*-T>*-T*-Q™” motif [18].

Noncompetitive inhibition, a type of allosteric regulation, is a distinct type of
enzyme inhibition wherein the inhibitor binds to an allosteric site rather than the
substrate binding site, diminishing the enzyme’s efficacy [46]. Research has reported
that UTAinh-F11 (CF11) was an uncompetitive inhibitor of UT-A, with an ECj,
value for UT-A1 approximately 10 times better than that for UT-B [47]. In contrast,
in the cryo-EM structure of CF11-hUT-A2, the presence of CF11 is observed only
on the intracellular side of hUT-A2, where CF11 is located within a cavity sur-
rounded by helices 3a-4a, Pa, ICL3a, and LICL (Fig. 2.9a). The methoxy group of
CF11 inserts into the CUBP, but does not interact with T176%, V68 2, and F341 3,
Instead, it forms hydrophobic interactions with Q67" and F70. Therefore, CF11
functions differently from competitive inhibitors 25a and ATB3, as it cannot com-
pete with urea molecules for the polar interactions formed by the
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Fig. 2.8 The cutaway view of the binding pockets of ATB3 in extracellular side. The ATB3 occu-
pied three subpockets on the extracellular side, the EBBP1, EBBP2 and EUBP, represented by
orange, green and blue dashed line, respectively. Residues forming polar interactions or hydrogen
bonds with ATB3 are depicted using triangles. Residues only forming hydrophobic or van der
Waals interactions are depicted as solid round circles. Additionally, the residues F135, L.202, and
L284 are shared by both EBBP1 and EBBP2. The 25a and ATB3 were represented by orange stick
and magenta stick-ball, respectively. The hUT-A2 is represented by surface. (Data cited from
ref. [18])
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Fig. 2.9 The structural characterization of Compound UTAinh-F11 binding to hUT-A2. (a) The
cryo-EM density of CF11 (red mesh) contoured at 4.0clevel is located in a cavity surrounded by
helices 3a-4a, Pa, ICL3a, and LICL. (b) The cutaway view of the binding pocket of CF11. The
CUBP and the UCBP are represented by blue and green dashed lines, respectively. Residues form-
ing polar interactions or hydrogen bonds with CF11 are depicted using triangles. Residues only
forming hydrophobic or van der Waals interactions are depicted as solid round circles. The CF11
is represented by stick-ball and the hUT-A2 are represented by surface. (c) The key residues of
hUT-A2 in CF11 binding pocket are shown by blue sticks. The CF11 is represented by green
sticks. (Data cited from ref. [18])

Q231%-T338%*-T176°*-Q67%* motif within CUBP. The specific residues containing
the uncompetitive inhibitor CF11 are named the uncompetitive binding pocket
(UCBP). Within the UCBP, CF11 forms hydrophobic interactions with A115%,
M299%, 1.363MC and V366L. The two benzene rings of CF11 form n-n stacking
interactions with F120%, while the nitrogen-sulfur atoms connecting the two
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benzene rings form hydrogen bonds with the hydroxyl group of Y1233 and the main
chain of V174%-F175%. CF11 also forms n-n stacking interactions with F300%
(Fig. 2.9b,c). These observations indicate the uncompetitive inhibition mode of
CF11, where urea can still bind to the extracellular side of UT-A2 but cannot be
transported to the intracellular side [18].

The 8-hydroxyquinoline derivative UTAinh-A2 (HQA?2) acts as a noncompeti-
tive inhibitor of UT-A, exhibits over ten-fold selectivity compared to its interaction
with UT-B [45]. In the HQA2-hUT-A2 complex structure, HQA?2 binds only to the
extracellular side of hUT-A2, with the binding site formed by helices 3a, 3b-4b, and
Pb, as well as LECL and ECL3b (Fig. 2.10a). Other competitive and uncompetitive
inhibitors often bind perpendicular to the extracellular side of the UT, whereas
HQAZ2 exhibits a novel binding mode—parallel to hUT-A2. Notably, the benzene
ring of HQA?2 is embedded in EBBP1 and EBBP2. Within EBBP1-2, the benzene
ring of HQAZ2 forms a stable z-x stacking interaction with F135%, and it also forms
hydrophobic interactions with L202MECL, 1.2843%®, P335ECL® and P336ECL®,
Specifically, the methoxy group in the benzene ring of HQA2 extends into the
EUBP, forming a hydrogen bond with the side chain of Q231%°, without occupying
the entire EUBP or CUBP. Importantly, HQA?2 also occupies a unique side pocket—
the SCG pocket, which is composed of 6 residues with small side chains. Within the
SCG pocket, the hydroxyquinoline moiety of HQA?2 forms hydrogen bonds and van
der Waals interactions with residues such as S279%, T2755L20 C285%®, G322, and
A323%, further stabilizing the binding state of HQA2 (Fig. 2.10b, c¢). The above
structural characteristics not only reveal the deep mechanism of HQA?2’s noncom-
petitive inhibition of urea transport but also suggest the potential application
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Fig. 2.10 Mechanism of noncompetitive blocking hUT-A2 by HQA2. (a) The cryo-EM density
(blue mesh) of HQAZ2 at the 4.0 ¢ contour level is located in the cavity surrounded by helices 3a,
3b-4b, and Pb, and the LECL, and ECL3b. (b) The cutaway view of the binding pocket of HQA2
(orange stick-ball). The EUBP, EBBP1-2 and the noncompetitive “SCG” pocket are represented
by blue, red and green dashed lines, respectively. Residues forming polar interactions or hydrogen
bonds with HQA?2 are depicted using triangles. Residues only forming hydrophobic or van der
Waals interactions are depicted as solid round circles. The HQA?2 are represented by orange stick-
ball and the hUT-A2 are represented by surface. (¢) The key residues of the HQA?2 binding pocket
of hUT-A2 are represented by sticks and the residues involved in the “SCG” pocket are colored
green. The HQAZ2 is represented by orange stick-ball. The H-bond is shown as red dashed line.
(Data cited from ref. [18])
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prospects of the SCG pocket. Given that the region where the SCG pocket is located
is completely independent of the urea transport channel of hUT-A2, it may serve as
an allosteric pocket, regulating the urea transport process mediated by UT through
ligand binding, providing important clues for the development of novel UT inhibi-
tors [18].

Structural Basis of the Selective Inhibition of UT-B

UTBinh-14 is a highly selective inhibitor of UT-B, with selectivity over UT-A thou-
sands of times [48]. In the complex structure of UTB inh-14 and HsUT-B, UTB
inh-14 primarily binds to the extracellular side of the HsUT-B channel, with a
small-molecule feature similar to UTBinh-14 present on the intracellular side,
which is different from the predicted binding mode in previous docking studies
[49]. The 2-thienyl group of UTB inh-14 is located at the entrance of the channel,
forming hydrophobic interactions with the side chain of Q232 and the main chain
carbonyl group of A337 in HsUT-B. Meanwhile, its 4-ethylphenyl group forms
hydrophobic interactions with W286, F288, G323, and A327. On the intracellular
side, the binding mode of UTBinh-14 to UT-B exhibits C2 symmetry with that on
the extracellular side (Fig. 2.11). Further comparison with the structure of HsUT-A3

Extracellular (b) o U

Fig. 2.11 UTBinh-14 inhibits HsUT-B at both extracellular and intracellular sides of its urea
channel pore. (a) Transsectional view of HsUT-B channel pore showing the locations of UTB
inh-14. Black oval denotes the center of C2 pseudosymmetry axis of the inhibitor binding modes.
(b, ¢) Extracellular view of the primary UTB inh-14 binding mode and its transsectional view. (d,
e) Intracellular view of the secondary UTB inh-14 binding mode and its transsectional view. (Data
cited from ref. [17])
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reveals that, due to the significantly more negative charge in the binding pocket of
HsUT-A3 compared to HsUT-B, UTB inh-14 cannot adapt to the equivalent site of
UT-A3. Additionally, the sulfonate group of UTB inh-14 sterically clashes with
P397 in HsUT-A (equivalent to A337 in HsUT-B).

Mutating the important binding sites of UT-B to the corresponding amino acids
of UT-A3, such as G323E, A327S, and N280T, and performing free energy calcula-
tions of in silico binding, show that there is a significant change in free energy,
indicating that these amino acid sites participate in the selective binding of the
inhibitor to UT-B. Although UTB inh-14 can bind to both the intracellular and
extracellular sides of the UT-B, due to the high affinity of UTB >inh-14 and the fact
that drug molecules typically have higher bioavailability on the extracellular sur-
face, we hypothesize that UTB inh-14 bound to the extracellular side of UT-B is
likely its primary mode of inhibition in vivo [17].

Design of UT-A Selective Inhibitor Based on Structure

Analysis of the precise three-dimensional structure of UT, as an emerging target for
diuretic drugs, holds immeasurable value for advancing the process of drug devel-
opment. Notably, the key subtypes within the UT-A family—UT-Al, UT-A2,
UT-A3, and UT-A4, exhibit highly specific expression in renal tissues, whereas
UT-B is widely distributed in the body. Knockout of the UT-B gene leads to signifi-
cant diuretic effects but also causes adverse reactions, such as promoting bladder
epithelial cell DNA damage and inducing depressive-like behavior in mice [50-52].
Therefore, we propose that UT-A, rather than UT-B, is a better target for diuretic
drugs. Selective inhibitors of UT-A or small molecules with weak inhibitory activity
against UT-B will be more beneficial for clinical research.

Structure-based drug discovery (SBDD) is one of the main means of designing
and optimizing innovative drugs [53]. Through sequence alignment analysis, we
observed that in hUT-A2, the amino acids L202"° and P336EC% in the EBBP
region were replaced by V203"t and A337E¢M% jn hUT-B, which directly led to a
weakening of the hydrophobic interaction between 25a and UT-B. Additionally, the
change from F120* to L1213 in the CBBP region on the intracellular side disrupted
the n-x stacking interaction with the phenyl ring of 25a. Experimental data further
confirmed that the allelic mutations L202V and F120L in hUT-A2 significantly
reduced its binding affinity. These findings suggest that the non-conserved amino
acid sites F120% and L2025 in UT provide valuable molecular targets for design-
ing highly effective and selective hUT-A2 inhibitors.

Furthermore, the study of the ATB3-hUT-A2 complex structure has provided
insights. Particularly, the two key residues 1202 "t and P336 E%%*, which interact
with the methoxy group of ATB3, are replaced by V203'ECL and A337ECH% in
UT-B. Molecular dynamics simulations and mutation analyses collectively reveal
how these differences contribute to the selective inhibition of hUT-A2 by ATB3.
The differences in the “L-P” pocket between UT-A and UT-B present new ideas for
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inhibitor design. Lastly, the SCG pocket in the HQA2 complex with hUT-A2 is also
worth noting. The amino acid sequence in this pocket is not conserved among dif-
ferent UT subtypes, particularly the residues S279%, C285%, and G322%.
Importantly, the mutation of SCG pocket residues to structurally equivalent residues
found in other UT members, such as S279D or C285W, significantly reduced the
activity of HQA?2 in blocking urea transport. This finding not only reveals the poten-
tial of the SCG pocket in designing selective inhibitors for hUT-A/B, but also sug-
gests it may act as a ligand-binding allosteric site, regulating the urea transport
process mediated by UT, opening up a new strategy for drug development.

UT-A1 is located in the apical membrane region of the inner medullary collect-
ing duct principal cells and is an ideal target in the diuretic mechanism of action.
Although UT-A1 covers the sequence features of UT-A2 and UT-A3 in terms of
gene composition, we speculate that inhibitor molecules targeting UT-A2 and
UT-A3 may also exhibit inhibitory activities against UT-A1. However, it is still
unclear whether UT-A1 has a protein-folding structure similar to UT-A2 and UT-A3,
and its structural complexity may be higher. Therefore, in order to design more
selective drug molecules, future studies urgently need to further analyze the precise
three-dimensional structure of UT-Al. By then, relying on comprehensive and
detailed UT family structure information, we can develop more accurate com-
pounds, which are expected to become efficient and promising diuretic drug
candidates.

Interactions with Other Natural Substrates

The permeation of water through UT-B, despite initial controversies [54, 55], has
been consistently demonstrated [42, 56-58]. Recent estimates of the rate of water
permeation through UT-B are similar to those measured for aquaporins [59]. Given
the similarities between the architecture of the aquaporin and UT pores discussed
above, this result is not entirely surprising. Molecular dynamics simulations of
water permeation through a homology model of human UT-B, based on the bovine
UT-B structure, suggest that the magnitude of the energy barrier for water perme-
ation is similar to that observed for aquaporins [59].

The observation that UT-B is an efficient water channel raises the question of
how protons are excluded from leaking through the pore. In aquaporins, proton
exclusion has been attributed primarily to two electrostatic barriers: one at a con-
striction formed by positively charged residues and another at the NPA motifs,
where the positive ends of two helix dipoles point into the pore [60, 61]. In contrast,
the UT selectivity filter lacks any positively charged side chains, and the orienta-
tions of the two pore helices are reversed relative to aquaporins, leading to a nega-
tive potential at the Sm site rather than a positive one. Interestingly, molecular
dynamics simulations predict that water permeating through UT-B undergoes a
reversal of the orientation of its dipole moment correlated with passage through the
Sm site [59]. A similar change in orientation was predicted by molecular dynamics
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simulations in aquaporins [62, 63] and recently gained experimental support from
an ultra-high resolution crystal structure of a yeast aquaporin [64]. This re-
orientation was proposed to play a role in proton exclusion in aquaporins.

Permeability of human UT-B to ammonia, but not ammonium, has also been
reported recently [65]. Molecular dynamics simulations suggest that the ammonia
is transported via the same central pore that serves as the urea and water permeation
pathway and that the energetics of permeation are similar to those for water, includ-
ing the location and size of the central energy barrier at the Sm site.

There is also some debate as to whether UT-A has the capacity to facilitate the
transport of water and ammonia. Several studies have found that UT-A2, UT-A3 and
UT-AS are impermeable to both compounds [1, 66]. Conversely, groundbreaking
research has demonstrated that UT-A2 and UT-A3 are also permeable to water by
injecting cRNAs encoding for c-Myc-tagged murine UT-A2 or UT-A3 in Lithobates
oocytes [56]. Previous structural analyses and amino acid sequence alignments
observed that residues located on the selective filters are well conserved between
UT-A2, UT-A3, and UT-B [18], including at the Sm site, and we suspect that the
mechanism by which UT-A can transport water molecules is reasonable. Considering
that the flux through UT-A is one to two orders of magnitude slower than UT-B [1,
2], for a more definitive understanding, further examination into the variations in
energy barriers across different UT channels would be invaluable.

Comparison with Other Solute Channels

UTs are one of three unrelated families of proteins of known structure that transport
urea via a channel-like mechanism. The other two families include the proton-gated
Urel channels, which are renowned for conferring acid resistance to Helicobacter
pylori[10, 11, 67], and certain members of the aquaporin family, commonly referred
to as aquaglyceroporins. These aquaglyceroporins are capable of transporting urea,
in addition to water and other small polar molecules, such as glycerol. These pro-
teins play important physiological functions in vivo, especially in maintaining
osmotic pressure balance, regulating water and salt balance and acid-base balance
[68]. Notably, there is no apparent similarity between the permeation pathways of
UTs and Urel, whose selectivity filter is characterized by two constrictions sur-
rounded by aromatic residues [10, 11, 69]. In contrast, the permeation pathways of
aquaporins exhibit obvious parallels to the UT pore, particularly in the presence of
re-entrant helices and exposed backbone carbonyls that stabilize the permeant water
molecules through hydrogen bonds. Furthermore, the aquaporins possess a pseudo-
symmetry axis that intersects the center of the permeation pathway. The center of
the pore harbors the NPA motifs, containing two pseudosymmetry-related aspara-
gines that are reminiscent of the central threonines in UT and that contribute to
selectivity in aquaporins [70-72].

Additionally, there is notable similarity between the UT pore and the permeation
pathways of some ion channels. In tetrameric K* channels, the central permeation
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pathway is surrounded by four re-entrant pore helices [73], whose dipole moments
are thought to help stabilize K* within the hydrophobic core of the membrane [74].
Exposed backbone carbonyls are also key features of the K* channel selectivity filter
and provide octahedral coordination to replace the hydration sphere on K*, although
these oxygens are located on non-helical segments following the pore helices, rather
than being located directly on the helix C-terminal. Tilted re-entrant helices also
play a role in permeation of chloride ions in the CLC channels [75].

Interestingly, the spatial organization of the ten transmembrane helices in the UT
fold is similar to that of the first ten helices in the ammonia transporters of the Amt/
Rh family [26, 76, 77]. Because the ammonia transporters lack equivalents to the
UT pore helices, their largely hydrophobic pores bear little resemblance to the pores
of the UT proteins. Nevertheless, the similarities in their folds suggest a potential
shared evolutionary origin.
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Chapter 3 ®
Tissue Distribution, Expression S
and Regulation of Urea Transporters

Nannan Li, Janet D. Klein, Jeff M. Sands, and Baoxue Yang

Abstract UT-A and UT-B families of urea transporters consist of multiple iso-
forms with the majority of the isoforms located in the kidney. UT-B (Slc/4AI) in
kidney is primarily located in the descending vasa recta. The UT-A (Slc/4A2) urea
transporter family comprises six distinct isoforms, three of which are predominantly
found in the kidney. Specifically, UT-A1 and UT-A3 are located in the inner medul-
lary collecting duct (IMCD), while UT-A2 is situated in the thin descending limb.
These transporters play a crucial role in the renal concentration of urine. The regula-
tion of renal urea transporter activity involves acute modifications through phos-
phorylation and subsequent translocation to the plasma membrane. In response to
stimulation by vasopressin or hypertonicity, UT-A1 and UT-A3 accumulate in the
IMCD plasma membrane. Chronic regulation of IMCD urea transporters involves
hormonal modulation of protein expression levels, such as adrenal steroids, low-
protein diets, electrolyte abnormalities, aging or other pathologic conditions. This
chapter provides a brief overview of the tissue distribution, expression of the urea
transporter isoforms, locations in the kidney, and regulation of urea transporters.
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Tissue Distribution and Expression of Urea Transporters

Urea transporters (UTs) are a family of membrane channel proteins that mediate the
rapid and passive transport of urea across the plasma membrane down its concentra-
tion gradient. Two genes slc/4al and slc14a2 encode for UT-B and UT-As, respec-
tively, in mammals.

The slc14al gene encodes UT-B through a conserved UT domain, with protein
localization observed in renal descending vasa recta and multiple extrarenal sites
including erythrocytes, brain, heart, spleen, colon, bladder, testis, etc. [1]. In con-
trast, the slc/4a2 (UT-A gene) is large [2—4] and gives rise to at least 6 isoforms
(splice variants) due to its two promoters (alternative transcriptional start sites), and
differential splicing processes [4—6]. These isoforms, designated UT-A1, UT-A2,
UT-A3, UT-A4, UT-AS, and UT-A6, predict 6 UT-A proteins of 929, 397, 460, 466,
323, and 235 amino acids, respectively. Four of these UT-A isoforms have been
cloned from kidney; UT-AS was cloned from mouse testis [7] and UT-A6 from
human colon [8]. In kidney, UT-A1 and/or UT-A3 are major contributors to the
urinary concentrating mechanism, whereas UT-A2 has a minor role under physio-
logic conditions. Under basal conditions, the UT-A1 and UT-A1/A3 null mouse has
a severe concentrating defect [9-11], whereas the UT-A2 null mouse has a minor
defect that is apparent when it is water-deprived and on a low protein diet [12].

UT isoforms exhibit predominant renal localization (Fig. 3.1), with their physi-
ological function in urine concentration dynamics being extensively characterized

Kidney

Colon (UT-AB)
Testis (UT-AS5)

Fig. 3.1 Localization of UT-A isoforms in the body, and UT-B in the kidney
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by using knockout mouse models [9-11, 13—15]. UT-A1 is localized to the apical
membranes and UT-A3 predominantly resides on the basolateral membranes of
principle cells of the terminal inner medullary collecting duct (IMCD), which dem-
onstrates the highest intrinsic urea permeability among renal tubular structures [0,
16, 17]. One study reported that UT-A3 is also localized to the apical membranes of
cells in the IMCD after vasopressin administration [18]. UT-A2 shows distinct ana-
tomical distribution along descending thin limbs of short-loop nephrons within
outer medullary regions and the terminal portions of long-loop nephrons in inner
medullary zones [19]. UT-A4 expression appears species-specific, having been
exclusively identified in rat renal medullary tissue, though its detailed subcellular
distribution remains uncharacterized [6]. UT-B is expressed in endothelial cells of
the descending vasa recta in kidney [20, 21].

UT-B is expressed in multiple tissues (Fig. 3.2) [20, 22]. Immunocytochemical
studies reveal UT-B localization in gastrointestinal epithelia (small intestinal villi,
gastric glands [1], colonic crypts [23, 24]), brain ependymal cells/astrocytes [25],
aortic endothelia [20, 26, 27], and testicular Sertoli cells [28]. While UT-A isoforms
show minimal extrarenal expression, UT-A1 [29], -A2 [30], -A3 [29], and -A6 [8]
are detected in human non-renal tissues, with species-specific UT-A5 mRNA
restricted to murine seminiferous tubule myoid cells [7, 31].

R Brain
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’// Thymus

Lung

Heart

Spleen
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Kidney
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Testis & prostate
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Fig. 3.2 UT-B is widely expressed in multiple tissues in human, including kidney, brain, liver,
colon, small intestine, pancreas, testis, prostate, spleen, thymus, heart, skeletal muscle, lung, blad-
der, and cochlea
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Expression Regulation of Urea Transporters

The expression of urea transporters in the kidney is modulated by hormonal signals
and adapts to different physiological conditions and disease states (Table 3.1).

Hormones
Vasopressin

Vasopressin’s regulation of collecting duct urea permeability (P,.,) was established
before UT discovery [43—45]. Current evidence confirms its role as the primary
modulator of UT-A1/-A3 in the IMCD via phosphorylation and membrane traffick-
ing mechanisms.

The bath application of vasopressin in microperfused rat terminal IMCDs initi-
ates a signaling cascade through V2 receptor activation, triggering sequential bio-
chemical events: [1] activation of adenylyl cyclase with subsequent cAMP
generation, [2] protein kinase A (PKA) activation, and [3] enhanced urea transport
through increased membrane trafficking of functional transporters rather than
altered binding affinity (unchanged K, value for urea) [46—50]. The time course for
vasopressin-increased urea permeability, or the time course after vasopressin

Table 3.1 Expression and regulation of urea transporters in kidney

Expression level in the

kidney
UT- |UT- UT- UT-

Conditions Al A2 | A3 |B1 | Regulation References

Vasopressin T 1 1 l Urea reabsorption increased and [18,
medullary hypertonicity increased. 32-34]

Adrenal steroids | | - ! - Inhibiting the activity of UT-A [35, 36]
promoter I and inhibiting urea transport
in the inner medullary collecting duct.

Hyperosmolality | 1 - ) - Increased urea reabsorption and [18]
accumulation in the inner medulla.

Low-protein diet | 1 1 - 1 Presence of urea transport in the initial | [37, 38]
IMCD after low-protein diet for
4 weeks.

Hypercalcemia || l l - Reduced the urine concentrating [39, 40]
ability.

Hypokalemia 1 l l - Decreased renal medullary interstitial | [41]
tone, accompanied by a reduction in
distal tubular sodium transporter
expression.

Aging l - l l The capacity to concentrate urine [42]

progressively declines during aging.
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withdrawal, each consist of two distinct phases: an initial 10-min period during
which facilitated urea permeability increases or decreases rapidly, followed by a
second 10- to 60-min period during which facilitated urea permeability changes
back slowly [45, 48, 51].

Experimental evidence from microperfused rat terminal IMCDs reveals
compartment-specific vasopressin effects: Luminal administration induces V2
receptor activation and enhances urea transport [52], whereas pre-exposure to baso-
lateral vasopressin followed by luminal application paradoxically reduces transport
efficiency, demonstrating an antagonistic regulatory relationship between luminal
and basolateral vasopressin signaling pathways [52].

The deduced amino acid sequences for UT-A1 and UT-A3 contain several con-
sensus PKA phosphorylation sites [6]. Proteomic and cDNA array approaches have
identified UT-A1 and UT-A3 as proteins that are phosphorylated by vasopressin in
the inner medulla [53-58]. Incubating freshly isolated suspensions of rat IMCDs
with vasopressin increases the phosphorylation of both the 117 and 97 kDa UT-Al
glycoproteins within 2 min [59] and of the 67 and 44 kDa UT-A3 proteins [32].
Vasopressin also increases the phosphorylation of UT-A1 in UT-A1 MDCK cells
[60, 61] and UT-A1 mIMCD3 cells [62]. The time course and dose response for
vasopressin-stimulated increases in UT-A1 phosphorylation are consistent with the
time course and dose response for vasopressin-stimulated increases in urea perme-
ability in perfused rat terminal IMCDs [45, 48, 51, 59]. Research demonstrates that
vasopressin suppresses UT-B expression [18, 34], while therapeutic administration
of desmopressin (ADAVP, [deamino-Cys1, D-Arg8] vasopressin) induces a corre-
sponding reduction in renal UT-B protein levels.

cAMP, forskolin, and dDAVP (a V2-selective agonist) also increase UT-Al
phosphorylation. PKA inhibitors block vasopressin- or forskolin-stimulated phos-
phorylation of UT-A1 in rat IMCD suspensions [59] and UT-A1 MDCK cells [61,
63]. In addition to stimulating PKA, vasopressin/cAMP can stimulate Epac
(exchange protein activated by cAMP) [54, 64—67]. Activating Epac increases urea
permeability in perfused rat terminal IMCDs and increases UT-A1 phosphorylation
in IMCD suspensions [68] (Fig. 3.3).

A phosphoproteomic analysis identified serine 486 as a potential vasopressin
stimulated phosphorylation site in UT-A1 [55]. This same serine was identified in a
second study that also identified serine 499 as a second potential PKA phosphoryla-
tion site [69]. Using site-directed mutagenesis and transient transfection in heterolo-
gous expression systems, PKA was shown to phosphorylate UT-A1 at Ser 486 and
Ser 499 [69]. Chimera proteins of UT-A that attached the loop region of UT-A1 (aa
460-532) containing Ser 486 and Ser 499 to the UT-A2 protein, which normally
lacks this region, showed that this section conferred vasopressin sensitivity to
UT-A2 [33]. Ser 486-phosphorylated UT-A1 is detected primarily in the apical
plasma membrane in rat IMCDs [70].

A subsequent phosphoproteomic screen showed that Ser 84, which is present in
both UT-A1 and UT-A3, could be phosphorylated by PKA [53]. Vasopressin was
shown to increase phosphorylation at Ser 84 in rat UT-A1 and UT-A3 [71]; how-
ever, the vasopressin-stimulated phosphorylation site in human or mouse UT-A3
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Fig. 3.3 The regulatory pathway mediated by vasopressin

has not been determined, since Ser 84 is not conserved in the human sequence and
neither of the two PKA consensus sites in mouse (Ser 85 or Ser 92) are phosphory-
lated [8]. There is currently no explanation for the species variation in sites that are
phosphorylated.

As well as the PKA-mediated phosphorylation of UT-A1, there are other consen-
sus kinase sites on this urea transporter. Protein kinase C (PKC) stimulates urea
permeability and the phosphorylation of UT-A1 at serine 494 [72—75]. Specifically,
PKCa is involved in the phosphorylation of UT-Al under hypertonic condi-
tions [74].

Stimulation by phosphorylation suggests the importance of dephosphorylation in
the regulation of urea transporters. However, there are very limited studies analyz-
ing the dephosphorylation of urea transporters. Ilori et al. reported that the phos-
phorylation level of UT-A1 is affected by inhibition of calcineurin suggesting that
protein phosphatase 2B may be responsible for dephosphorylation of UT-A1, but
this account also suggests the possibility that other phosphatases may be involved
[76]. A recent study showed that calyculin, which inhibits protein phosphatase 2A,
increases IMCD urea permeability and phosphorylated UT-Al in the inner
medulla [77].

Both UT-A1 and UT-A3 proteins can be ubiquitinated based on studies showing
that the abundance of these proteins is increased when ubiquitin proteasome proteo-
lytic pathways have been inhibited [78, 79]. Only UT-A1, however, has been rigor-
ously shown to have ubiquitinated high-molecular weight forms by
immunoprecipitation and Western blot analysis [78, 80]. In normal conditions, cyto-
solic UT-A1 (including misfolded UT-A1 from the endoplasmic reticulum) and
constitutively internalized cell surface UT-A1 is polyubiquitinated and degraded in
a proteasome system. However, upon AVP stimulation, UT-A1 is phosphorylated
and processed for monoubiquitination at the cell surface. The internalized monou-
biquitinated UT-A1 is trafficked to early endosomes, then targeted to the lysosome
for degradation [81] (Fig. 3.4).
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Fig. 3.4 UT-A1 ubiquitination, internalization, and degradation
Adrenal Steroids

Studies demonstrate that glucocorticoids and aldosterone inhibit urea transports in
the IMCD by reducing the abundance of the UT-Al transporter [82-84].
Glucocorticoids suppress the transcription of both UT-A1 and UT-A3 by inhibiting
the activity of UT-A promoter I [35]. While the precise molecular pathway has not
yet been completely characterized, functional analysis indicates the observed inhib-
itory effect operates independently of cis-regulatory glucocorticoid response ele-
ments within the promoter. Both diabetic patients and streptozotocin-induced
diabetic rats demonstrate increased excretion of corticosterone and urea, with ele-
vated glucocorticoid levels in the rodent model observed to suppress early-stage
UT-A1 protein expression [85, 86]. The Dahl salt-sensitive rat strain, a genetic
model of salt-sensitive hypertension, displayed upregulated UT-A1 and UT-A3
expression in the inner medullary collecting duct (IMCD) compared with salt-
resistant counterparts, corresponding to enhanced urea transport’ capacity. These
animals also manifested elevated 11p-hydroxysteroid dehydrogenase type II (11p-
HSD2) levels, the enzyme responsible for glucocorticoid catabolism [36].
Diminished glucocorticoid concentrations in these animals may mechanistically
enhance UT-A promoter I activation, driving transcriptional upregulation and sub-
sequent protein abundance of UT-A1/UT-A3 transporters. In contrast, aldosterone-
mediated suppression of UT-A1 expression operates through the mineralocorticoid
receptor signaling pathway, exhibiting mechanistic independence from transcrip-
tional regulation processes [82]. Research has demonstrated that volume expansion
induced by aldosterone administration combined with a high-salt diet leads to sig-
nificant reductions in UT-A1 and UT-A3 expression levels in rat models.
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Renin-angiotensin System

The mRNA for the type 1 angiotensin II (AT1) receptor is present in rat IMCDs
[87-89], and radioligand-binding studies show that AT1 receptors are expressed
[90]. Angiotensin II does not affect basal (no vasopressin) urea permeability in rat
terminal IMCDs [91]. However, it increases both vasopressin-stimulated urea per-
meability and UT-A1 phosphorylation via PKC-mediated effects [91]. By augment-
ing the maximal urea permeability response to vasopressin, angiotensin II may play
a physiologic role in the urinary concentrating mechanism.

ACE2 transgenic mice lacking the tissue form of angiotensin-converting enzyme
(ACE) develop a normal renal medulla but exhibit impaired urine concentrating
ability, akin to knockout mice deficient in angiotensinogen and the angiotensin II
receptors AT 1a and AT1b. This functional defect observed in ACE2 mice is associ-
ated with significant reductions in the UT-A1 level in the inner medulla, as well as
a decreased abundance of the Na*—K*-2Cl~ symporter NKCC2/BSC1. ACE2 trans-
genic mice deficient in the tissue-specific isoform of angiotensin-converting enzyme
exhibit normal renal medullary development but demonstrate impaired urine-
concentrating capacity [92]. This phenotype mirrors observations in angiotensino-
gen knockout mice and those lacking both AT 1a and AT1b angiotensin II receptors.
The functional impairment in ACE2-deficient mice correlates with two distinct
molecular alterations in the inner medullary region: diminished expression of the
urea transporter UT-A1 and reduced protein abundance of the Na*—K*—2Cl~ cotrans-
porter NKCC2/BSCI.

Physiological studies demonstrate that while glucagon elevates urinary urea
excretion by 45% in rats [93, 94], it fails to activate cAMP signaling [95, 96] or
modify urea permeability in isolated inner medullary collecting ducts (IMCDs),
regardless of vasopressin stimulation [95].

Oxytocin activates V2 receptor-mediated cAMP signaling to enhance phloretin-
sensitive urea transport in rat terminal IMCDs [97], with sustained permeability
observed despite 48-hour hydration challenges in medullary segment 2 [97].

Hyperosmolality

The osmolality of the renal medulla varies over a wide range, depending on the
hydration status of the animal. Increasing the osmolality, either by adding NaCl (as
occurs during transition to an antidiuretic state) or mannitol, rapidly increases urea
permeability in rat terminal IMCDs, even in the absence of vasopressin [49, 98, 99].
These findings suggest that hyperosmolality is an independent regulator of urea
transporters. When vasopressin is present, increasing osmolality has an additive
stimulatory effect on urea permeability [49, 97, 99, 100]. Hyperosmolality-
stimulated urea permeability is inhibited by phloretin and thiourea [100]. Kinetic
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studies show that hyperosmolality, similar to vasopressin, increases urea permeabil-
ity by increasing V ,,, rather than K, [47, 100]. However, hyperosmolality stimu-
lates urea permeability via increases in PKC activation and intracellular calcium
[91, 92, 101, 102], while vasopressin stimulates urea permeability via increases in
adenylyl cyclase (AC) [48]. Hyperosmolality, similar to vasopressin, increases
phosphorylation and plasma membrane accumulation both UT-A1 and UT-A3 [18,
32,59, 103]. Thus, both hyperosmolality and vasopressin rapidly increase urea per-
meability, but they do so via different signaling pathways with vasopressin depen-
dent on the second messenger cAMP and hypertonicity dependent on intracellular
calcium. In a clinical study, treatment of patients with hypertonic saline solution
resulted in increased expression of UT-A1, confirming responsiveness in human
subjects [104]. Hyperosmolality has also been shown to induce expression of
UT-A2 in mouse medullary collecting duct [105].

The collecting duct of the houndshark, Triakis scyllium expresses a urea trans-
porter [106]. Transfer of the shark from 30% sea water to 100% sea water results in
a progressive increase in the apical plasma membrane accumulation of its urea
transporter in the collecting duct [106].

Low-protein Diets

Modulating the expression of mammalian urea transporters is crucial in response to
varying protein intake and urea loads, contributing to overall nitrogen balance.
Research on the abundance of urea transporters in the kidneys of rats subjected to a
low-protein diet for different durations revealed an upregulation of UT-A2 mRNA
and protein after 1 to 2 weeks [37, 107]. Additionally, a 2-week low-protein diet was
found to induce increased protein expression of UT-B in the outer medulla [38]. An
increase in UT-A1 mRNA abundance was observed following 4 weeks of protein
restriction. The upregulation of UT-A and UT-B enhances urea circulation and reab-
sorption, thereby mitigating urea loss associated with low protein intake.

Observations in UT-A and UT-B knockout mice support the notion that effective
regulation of urea excretion, in response to changes in urea load and protein intake,
requires modulation of renal urea transporter expression and activity. UT-B knock-
out mice are unable to adequately eliminate the increased urea load resulting from
intraperitoneal injection, leading to significantly elevated plasma urea levels when
fed a high-protein diet. Furthermore, they cannot achieve sufficient urea excretion
without a substantial increase in urine output [108]. Similarly, in UT-A1/A3 knock-
out mice, the inability to concentrate urine under normal protein intake (20% pro-
tein diet) can be improved by restricting protein intake to a lower level (4% protein
diet) [9].
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Hypercalcemia impairs urinary concentration capacity in both humans and rats [39,
40, 109]. While varying the perfusate calcium concentration between 0 and 5 mM
did not affect facilitated urea permeability in the terminal IMCD of normocalcemic
rats, a significant increase in terminal IMCD urea permeability was observed in
hypercalcemic rats [39]. The elevated levels were observed in both baseline and
vasopressin-activated urea permeability rates. Moreover, increased concentrations
of 97 kDa and 117 kDa UT-A1 proteins were detected in the inner medullary tip
region of hypercalcemic rats, corresponding to their enhanced urea-transporting
capability [39].

Furthermore, vasopressin significantly increased facilitated urea permeability in
terminal IMCDs of hypercalcemic rats [39]. Hypercalcemia also induces active urea
reabsorption at the apical membrane of the terminal IMCD, while inhibiting active
urea secretion in the IMCD segment 3 [110]. Thus, hypercalcemia and low-protein
dietary conditions elicit comparable modifications in both facilitative and active
urea transporter proteins localized within this specific IMCD subsegment.

Hypokalemia results in a significant decrease in renal medullary interstitial tone,
accompanied by a reduction in distal tubular sodium transporter expression. One
study found that the abundance of the tonicity response enhancer-binding protein
(TonEBP) was significantly reduced in the outer and inner medulla of hypokalemic
rats [41]. The underlying mechanisms appear to differ between outer and inner
medulla; specifically, TonEBP mRNA abundance is lower in the outer medulla
while remaining unchanged in the inner medulla. TonEBP expression decreased
markedly in the collecting ducts of the outer and inner medulla, as well as in the
thick ascending limbs and interstitial cells, with a slight decrease observed in the
descending and ascending limbs. In the outer medulla, TonEBP translocates to the
cytoplasm of the descending limb. As anticipated, transcription of the TonEBP tar-
get aldose reductase was diminished, reflecting reduced abundance of both mRNA
and protein. Furthermore, downregulation of TonEBP led to decreased expression
of aquaporin-2 (AQP2) and UT-A in the renal medulla, while the expression of
UT-A1 and UT-A2 was severely impaired in transgenic mice expressing a dominant
negative form of TonEBP [111].

Aging

The ability of urine to concentrate diminishes with age. In aged rats, this impair-
ment is linked to a reduced urea concentration in the renal papilla and a decreased
abundance of UT-A1, UT-A3, and UT-B in the kidney [42]. Treatment with dDAVP
effectively corrects polyuria in aging rats and is associated with an upregulation of
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UT-A1 abundance in the terminal IMCD [42]. Notably, UT-B protein abundance is
significantly reduced in aged Wag/Rij rats; however, the administration of supra-
physiological doses of dDAVP enhances its abundance [112]. Consequently, the
decreased levels of UT-B protein represent an additional factor contributing to the
diminished urine concentrating ability in aged rats, and potentially in humans [112].

Pathologic Conditions and latrogenic Effects

Unilateral and bilateral ureteral obstructions were associated with a reduced expres-
sion of medullary UT-A1, UT-A3, and UT-B. Notably, the downregulation of these
transporters persisted for two weeks after the obstruction was relieved [113].
Furthermore, a reduction in fibrosis following unilateral ureteral obstruction was
observed in UT-A1/A3 knockout mice, indicating that decreased UT activity may
mitigate the severity of renal fibrosis after unilateral ureteral obstruction [114].

Studies involving Dahl salt-sensitive hypertensive rats suggest a potential asso-
ciation with hypertension [36], wherein terminal medullary cell colonies stimulate
increased urea transport in the IMCD and enhance the protein abundance of UT-A1
and UT-A3 in the inner medulla. However, it remains to be determined whether
alterations in urea transporter activity or abundance within the kidney are related to
blood pressure regulation.

The use of certain medications may lead to dysregulation of renal urea transport.
Angiotensin II type 1 (AT1) blockers may downregulate the renal UT-A transporter
[115]. Long-term treatment with the calcineurin inhibitor cyclosporine, an immuno-
suppressant commonly used in organ transplant recipients, results in impaired urine
concentrating ability and a significant decrease in the abundance of UT-A2, UT-A3,
and UT-B [116]. In a study involving rats fed lithium for 25 days, a reduction in
urine osmolarity was observed alongside a decrease in the abundance of UT-A1 and
UT-B in the inner medulla [117]. This finding may explain the diminished urine
concentrating ability seen in patients receiving lithium for the treatment of bipolar
disorder. Furthermore, prolonged use of the widely utilized antimalarial drug chlo-
roquine can lead to polyuria. Research indicated that chloroquine caused the down-
regulation of AQP2 and NKCC2; however, in rats treated with chloroquine, the
abundance of UT-A1 and UT-A3 remained unaffected. This may be attributed to
chloroquine’s inhibition of cAMP production in the inner medulla, which likely
alters the transport of UT-A1 [118]. Metformin, an AMPK activator, stimulates the
phosphorylation of UT-A1 (and AQP2) in rat terminal IMCDs [119]. Metformin
also improves urine concentration in rodents with nephrogenic diabetes insipi-
dus [120].
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Chapter 4
Biochemical Modification and Subcellular o
Trafficking of Urea Transporters

Xuechen Li and Guangping Chen

Abstract Urea and urea transporters (UT) are critical to the production of concen-
trated urine and hence in maintaining body fluid balance. The UT-A1 urea trans-
porter is the major and most important UT isoform in the kidney. Native UT-A1,
expressed in the terminal inner medullary collecting duct (IMCD) epithelial cells, is
a glycosylated protein with two glycoforms of 117 and 97 kDa. Vasopressin is the
major hormone in vivo that rapidly increases urea permeability in the IMCD through
increasing the phosphorylation and apical plasma membrane accumulation of
UT-ALl. The cell signaling pathway for vasopressin-mediated UT-A1 phosphoryla-
tion and activity involves two cAMP-dependent signaling pathways: protein kinase
A (PKA) and exchange protein activated by cAMP (Epac). UT-A3 is the NH,-
terminal half of UT-A1, exhibiting similarities and dissimilarities with UT-A1. In
this chapter, we will discuss UT-A1 and UT-A3 regulation by phosphorylation,
ubiquitination and glycosylation.
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Phosphorylation of Urea Transporters

A tubular perfusion study by Sands et al. [1] in 1987 first demonstrated that the
terminal IMCD exhibits a high basal urea permeability. This activity is dramatically
increased in the presence of the hormone vasopressin. The first UT-A urea trans-
porter, UT-A2, was cloned by You et al. [2] in 1991 and was characterized as the
vasopressin-regulated urea transporter. Vasopressin [AVP; also known as anti-
diuretic hormone (ADH)], synthesized in the hypothalamus and stored in vesicles in
the posterior pituitary, is the major hormone regulating urine-concentrating ability.
Vasopressin increases both osmotic water and urea permeabilities in principal cells
in the kidney collecting duct [3—6]. Knockout of UT-A1, or both UT-A1 and UT-A3,
results in a significant diuretic effect in mice [7-9]. Using [**P] radioisotope label-
ing techniques in IMCD suspensions, Zhang et al. [10] in 2002 provided the first
experimental evidence that UT-A1 is directly phosphorylated by vasopressin.
Subsequently, new technologies, such as proteomic and cDNA array, have identified
UT-Al, as well as UT-A3, as the phosphorylated proteins stimulated by vasopressin
in the inner medulla [11-16]. Adding vasopressin (or the cAMP stimulator for-
skolin) to IMCD suspensions rapidly increases the abundance of phosphorylated
UT-A1 at 2 min, which peaks at 5~10 min, and remains elevated for up to 30 min
[10]. The time course and dose response of UT-A1 phosphorylation are identical to
vasopressin-induced stimulation of urea permeability observed by Wall et al. [6] in
1992 in perfused rat terminal IMCDs. Vasopressin also increases the phosphoryla-
tion of UT-A1 in UT-A1-MDCK cells [17, 18] and UT-A1-mIMCD?3 cells [19]. The
role of UT-A1 phosphorylation for vasopressin-stimulated activity and trafficking to
the IMCD apical plasma membrane was further emphasized by Blount et al. [20]
using phosphomutant forms of UT-A1 heterologously expressed in cultured cells.

Vasopressin Signaling Pathway Mediating
UT-A1 Phosphorylation

Star et al. [21] in 1988 used isolated perfused tubules to demonstrate that both
vasopressin-regulated urea transport and vasopressin-regulated water transport are
dependent on a rise in intracellular cyclic AMP levels. The addition of vasopressin
to the basolateral membrane of a rat terminal IMCD stimulates kidney urea perme-
ability via the V2 vasopressin receptor. This is mimicked by a selective V2 agonist,
dDAVP, in perfused terminal IMCDs [21]. Vasopressin binds to the IMCD cell V2
receptor in the basolateral plasma membrane, activates the heterotrimeric G protein
Gas, and results in an increased generation of cAMP by at least two adenylyl cyclase
isoforms, III and VI [1, 6, 10, 22]. Rat, mouse, and human UT-A1 are stimulated by
cAMP when expressed in Xenopus oocytes [23-26]. One important downstream
kinase activated by increased cAMP is PKA. A study by Zhang et al. [10] showed
that the PKA inhibitor H89 significantly suppresses vasopressin-stimulated UT-A1
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phosphorylation. These studies indicate that UT-A1 is phosphorylated, possibly by
PKA directly. In vitro assays using synthetic UT-A1 peptides showed that purified
PKA can directly phosphorylate UT-A1 [11]. Inhibitors of PKA reduce both the
vasopressin-stimulated and basal levels of UT-A1 phosphorylation, showing that
PKA can phosphorylate UT-A1, both basally and in response to vasopressin stimu-
lation [10].

Though cyclic AMP is traditionally believed to act through PKA, a study by
Frohlich et al. [18] noticed that the PKA inhibitor H-89 could not completely inhibit
forskolin-induced urea flux in UT-A1-MDCK cells. The portion of the non-PKA
effect caused by elevated cAMP raises the possibility that vasopressin may have a
second cAMP-dependent, but non-PKA-mediated, signaling pathway in rat IMCDs.
In addition to acting through PKA, cAMP can activate Epac (exchange protein acti-
vated by cAMP) [27-31]. There are two closely related Epac proteins, Epacl and
Epac2, and both have been detected in rat IMCDs [29, 30]. Functional analysis
showed that incubation of rat IMCD suspensions with the Epac activator Sp-8-
pCPT-2"-O-Me-cAMPS causes an increase in UT-A1 phosphorylation and its accu-
mulation in the plasma membrane [31]. Epac activates Rapl, a Ras-related small
molecular weight G protein, which in turn signals through mitogen-activated pro-
tein kinase kinase (MEK) and extracellular signal-related kinase (ERK). Inhibition
of MEK 1/2 phosphorylation by U0126 decreased the forskolin-stimulated UT-A1
phosphorylation [31]. Thus, as illustrated in Fig. 4.1, UT-A1 phosphorylation is
stimulated by vasopressin in the IMCD through at least two cAMP-dependent sig-
naling pathways: PKA-dependent and Epac-MEK-dependent pathways.

UT-A1 Phosphorylation by PKA

The rat UT-A1 amino acid sequence contains multiple consensus PKA phosphory-
lation motifs (x-(R/K)-(R/K)-x-(S/T)-("P): 3 phosphorylation sites in the
N-terminus, 6 in the large intracellular loop, and 1 in the C-terminus. Mass
spectrometry-based phosphoproteomic analysis of rat collecting ducts by Hoffert
[13] and later by Bansal [11] suggested several cAMP-PKA sites including Ser10,
Ser62, Ser63, Ser84, Ser486,and Ser499. Among these sites, three are highly dem-
onstrated by mass spectrometry to be regulated by vasopressin: Ser84, Ser486, and
Ser499 [11]. Although the UT-A1 amino acid sequence possesses many potential
PKA phosphorylation sites, including both serine and threonine residues, phospho-
proteomic analysis [11, 13] only shows phosphorylation of serine residues. This is
in agreement with an early observation by Zhang et al. [10] that vasopressin does
not phosphorylate the UT-A1 tyrosine residue. The anti-phosphotyrosine antibody
(PY-20) did not recognize any proteins from UT-A1 immunoprecipitated samples
from IMCD suspensions.

Serine 486 and serine 499 in the central intracellular loop of UT-A1 have been
experimentally reported to serve as cAMP-PKA phosphorylation sites by two inde-
pendent laboratories [11, 13, 19, 20]. Ser499 is highly evolutionary conserved
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Fig.4.1 UT-Al phosphorylation signaling pathways mediated by vasopressin [31]. Protein kinase
A (PKA)-dependent and exchange protein activated by cAMP (Epac)-mitogen-activated protein
kinase (MEK)-dependent pathways

across rat, mouse, horse, cow, and human UT-A1. Ser486 is also conserved in all of
these species except for cows, where it is an asparagine residue. Mutation of both
Ser486 and Ser499, but not either one alone, eliminates forskolin’s ability to stimu-
late UT-A1 accumulation in the apical plasma membrane and urea transport, indi-
cating that at least one of these serines must be phosphorylated [20]. The double
mutant was unable to traffic to the plasma membrane, showing that phosphorylation
of UT-A1 at these sites is critical to urea transport and trafficking [20]. Using
phosphosite-specific antibodies at Ser486 and Ser499, the UT-A1 phosphorylation
at these two sites in response to vasopressin is found to be similar, which increased
at the same rate within 1 min, reached the maximum at 2 min and maintained stable
within 20 min [32]. Site-directed mutagenesis confirms that the phosphorylation at
these two sites occurs independently. In addition, Ser486-phosphorylated and
Ser499-phosphorylated UT-A1 are primarily expressed in the apical plasma mem-
brane in rat IMCDs (Fig. 4.2) [19, 32]. Epac stimulation does not change UT-A1
phosphorylation at Ser486 and Ser499 in mIMCD3 UT-A1 cells [32], further con-
firming that UT-A 1 phosphorylation at these two sites is independent of vasopressin-
sensitive Epac pathway.
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Fig. 4.2 Phosphorylated UT-A1l located in the apical membrane of rat IMCDs [32].
Immunofluorescence was applied to detect phosphorylated UT-A1 at Ser486 or Ser499 in Sprague-
Dawley rats injected with 5 nM vasopressin for 45 min

A third vasopressin-stimulated phosphorylation site in rat UT-A1 at Ser84 has
been suggested by phosphoproteomic analysis [11, 13] and confirmed by Hwang
et al. [33]. However, Ser84 is less conserved among species. In human UT-Al,
Ser84 is not preserved but substituted by aspartic acid. Interestingly, the aspartic
acid in humans has the same charge (—1) as a phosphorylated serine. Therefore, it
probably represents a constitutively activated form [11].

UT-A1 Phosphorylation by PKC

It is well documented that urea permeability is regulated by vasopressin via cAMP-
dependent signaling pathways. PKA activated by cAMP is the most important
kinase responsible for UT-A1 phosphorylation, particularly in the presence of vaso-
pressin; however, other kinases may also phosphorylate UT-A1. Several early
observations demonstrate that urea permeability in perfused IMCDs is activated by
hypertonicity (adding NaCl or mannitol) in the absence of vasopressin [34-36].
Interestingly, hypertonicity does not increase intracellular cAMP levels in the
IMCD, but it does increase intracellular calcium [37]. Hypertonicity increases urea
permeability via changes in intracellular calcium, suggesting involvement of a
calcium-dependent protein kinase in the urea transport response [38]. Subsequent
studies show that hypertonicity mediates urea permeability through a calcium-
dependent PKC signaling pathway independently of vasopressin [36, 37, 39, 40].
PKC is a family of serine/threonine-related protein kinases that plays a key role
in many cellular functions and affect many signal transduction pathways. PKC iso-
forms can be subclassified into three groups: conventional PKC (cPKC) isoforms
(PKCa, BI, PII, and A); novel PKC isoforms (nPKCs) (PKCS, ¢, n, 0, p); and
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atypical PKC isoforms (aPKCs) (PKCv/A and ) [40]. Seven PKC isoforms are pres-
ent in rat inner medulla, including PKC a, f, v, 9, €, 0, T, and A [38]. Consistent with
putative PKC phosphorylation sites in UT-A1’s amino acid sequence, PKC does
phosphorylate UT-A1 [39].

The role of PKC in UT-A1 phosphorylation and urea transport activity regulation
has been extensively investigated in PKCa knockout mice [39—41]. PKCa is a
calcium-dependent PKC isoform and PKCa-deficient mice have a urine-
concentrating defect [39, 42]. Direct evidence using metabolic labeling with
32P-orthophosphate shows that inhibiting PKC prevents the hypertonicity-mediated
stimulation of UT-A1 phosphorylation. In IMCD suspensions from PKCa-deficient
mice, hypertonicity fails to induce UT-A1 phosphorylation [39, 40]. Klein et al. [39]
showed that in response to hypertonicity, UT-A1 phosphorylation was increased;
however, phosphorylation at Ser486 was not increased, indicating that PKC does
not phosphorylate UT-A1 at the same residue as PKA [39]. Blount et at. in 2015
found that PKC activator phorbol dibutyrate (PDBu) induced UT-A1 phosphoryla-
tion at Ser494 [43]. Conversely, among the eight possible phosphorylation sites by
PKC, site-directed mutagenesis at only Ser494 results in dampened total UT-A1
phosphorylation. cAMP activation by either PKA or Epac does not change UT-A1
phosphorylation at Ser494 [43], indicating no crosstalk with the PKC-activated
pathway.

UT-A1 Phosphorylation by Other Kinases

In addition to being phosphorylated by PKA and PKC, analysis of the UT-A1 amino
acid sequence reveals various other potential phosphorylation consensus sites, sug-
gesting that UT-A1 may also be susceptible to other kinases. These phosphorylation
recognition sites include: casein kinase I, I (CK1, CK2), GSK3, never in mitosis A
(NimA)-related kinase (NEK) 2, phosphoinositide-3-OH-kinase-related kinases
(PIKKSs), and phosphorylase kinase (PK). Proteomic studies by Knepper’s group
identified over 200 serine/threonine protein kinases in native collecting duct cells
[11, 15]. Rinschen et al. [44] reported that vasopressin activates CaM kinase II in
collecting duct cells.

The recognized energy sensor, adenosine monophosphate-activated protein
kinase (AMPK), is another activator of UT-A 1 phosphorylation. Similar to Na-K-2Cl
cotransporter (NKCC2) and aquaporin 2 (AQP2), UT-A1 is directly phosphorylated
by AMPK both in vitro and in rat IMCDs [45]. Metformin, the AMPK activator,
increases urea permeability but not UT-A1 membrane accumulation [45], indicating
that AMPK activates UT-A1 already present at membrane by inducing its phos-
phorylation. This finding suggests that by activating UT-A1 and AQP2 phosphoryla-
tion, AMPK might be a therapeutic target for congenital X-linked nephrogenic
diabetes insipidus (NDI), which results from type 2 vasopressin receptor (V2R)
mutation-induced urine concentrating failure.
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Regulation of UT-A1 Phosphorylation by
Dephosphorylation Enzymes

Phosphatases act in an opposite way to kinase/phosphorylases. Undoubtedly, the
level of protein phosphorylation is also controlled by dephosphorylation enzymes
that catalyze the dephosphorylation of UT-A1. Compared to UT-A1 phosphoryla-
tion, the specific phosphatases that act on UT-A1 and the role of dephosphorylation
in the activation and transport activity of the urea transporter UT-A1 is relatively
less explored. Studies by Zhang et al. [10] and Wang et al. [46] showed that treat-
ment of IMCD suspensions with the phosphatase inhibitors calyculin or okadaic
acid could increase the level of phosphorylated UT-A1.

Calcineurin is a calcium-calmodulin-dependent serine threonine phosphatase,
also known as protein phosphatase 3 (PPP3CA). It was previously referred to as
protein phosphatase 2B (PP2B) [47]. Calcineurin activity is detected in the kidney
inner medulla. Tlori et al. [47] investigated the effect of calcineurin and protein
phosphatase PP1 and PP2A on the dephosphorylation of UT-A1. Inhibition of these
two phosphatases increases phosphorylation of the UT-A1 urea transporter without
the use of vasopressin. In vitro perfusion of IMCDs shows that incubation with the
calcineurin inhibitor tacrolimus increases urea permeability [47]. Interestingly,
inhibition of calcineurin by tacrolimus shows an increase in UT-A1 phosphorylation
at Ser486, while inhibition of PP1 and PP2A with calyculin increases total phos-
phorylated UT-A1 but does not increase Ser486-phosphorylated UT-A1l. These
results suggest that UT-A1 might be dephosphorylated by multiple phosphatases
(like PP2A and calcineurin) and that the PKA-mediated phosphorylation at serine
486 is dephosphorylated by calcineurin.

Regulation of UT-A3 Phosphorylation

UT-A3 is a variant of UT-A1. As illustrated in Fig. 4.3, UT-A3 is the NH, terminal-
half of UT-A1, while UT-A2 be the COOH terminal-half of UT-A1. Out of 929 aa
in rUT-A1, UT-A3 consists of 460 aa, with a COOH-terminal domain consisting of
52 aa in the cytoplasm [48]. However, neither UT-A3 nor UT-A2 shares the cyto-
plasmic central hydrophilic linker region (Lc) of UT-A1, which includes the PKA
phosphorylation sites of UT-A1, Ser486 and Ser499.

Unlike UT-A1, UT-A3 is a basolateral membrane transporter expressed in the
kidney IMCDs, especially in the IM tip [49-51]. Similar to UT-A1, UT-A3 is acti-
vated in response to both vasopressin and hypertonicity (adding sucrose or sodium
chloride) stimulation, including increased basolateral membrane accumulation,
phosphorylation and urea permeability [33, 52, 53]. There are two phases of UT-A3
trafficking to the basolateral membrane in response to vasopressin (Fig. 4.4). At
first, vasopressin increases the cCAMP level by activating the V2R and adenylyl
cyclase. Then, a rapid activation of UT-A3 occurs within 5-10 min through the
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Fig. 4.3 UT-A3 as a variant of UT-A1 [48]. UT-A3 is the NH,-terminal half of UT-A1, consisting
of 466 aa with a 52 aa- cytoplasmic COOH-terminal domain
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Fig. 4.4 UT-A3 trafficking regulated by vasopressin in IMCDs [54]. Vasopressin increases the
cAMP level and activates UT-A3 membrane trafficking through PKA and CK2-dependent
pathways

cAMP-PKA pathway. Finally, a slower activation of UT-A3 occurs within 1 h,
which is mediated by a CK2-dependent pathway, requiring PKC and calmodulin
[54]. However, whether hypertonicity-stimulated UT-A3 activation is mediated by
PKC, like UT-A1, requires further investigation.

Although the two PKA phosphorylation sites of UT-A1, Ser486 and Ser499, are
not shared in UT-A3, the phosphorylation of UT-A3 is significantly increased in
response to vasopressin. Phosphoproteomic profiling has reported that Ser84 is the
vasopressin-regulated phosphorylation site present in UT-A3 [11], which is further
confirmed in rat IMCDs using phospho-specific antibodies [33].
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Ubiquitination of Urea Transporters

Protein degradation is an important mechanism by which cells control the levels of
cellular proteins. Eukaryotic cells contain two major proteolytic systems, the lyso-
some and the 26S proteasome systems, which mediate protein degradation.
Membrane proteins are capable of being degraded by the proteasomal and/ or lyso-
somal pathways, depending on the type of ubiquitination (i.e., monoubiquitin vs.
polyubiquitin) and the state of the protein complex (e.g., phosphorylation). Different
types of ubiquitin modification of proteins often yield different consequences.
Monoubiquitination, which chiefly occurs on the plasma membrane, often involves
the trafficking and lysosomal degradation of membrane proteins. In contrast, polyu-
biquitinated proteins in the cytosol are usually targeted to the proteasome for degra-
dation. Evidence indicates that the ubiquitination process plays an important role in
regulating renal transepithelial urea transport [55-58].

UT-A1I Degradation by the Ubiquitin-Proteasome Pathway

An in silico analysis of UT-A1 reveals a consensus MDM2-binding sequence in the
intracellular loop, suggesting that ubiquitination/degradation may serve as an
important mechanism for UT-A1 regulation. Indeed, studies from Smith’s group
and our group [55, 56] show that inhibition of ubiquitin-proteasome activity by
MG132 or lactacystin decreases UT-A1 degradation and increases cell-surface
expression, with a concurrent rise in urea transport activity [55, 56]. Inhibition of
the lysosome pathway, however, does not affect UT-A1 degradation [55]. These
findings demonstrate that UT-A1 undergoes ubiqutination and is degraded through
the proteasome but not the lysosomal proteolytic pathway.

Activation of PKA/cAMP Promotes UT-A1 Ubiquitination
and Degradation

Vasopressin regulates urea permeability in the IMCD through increases in UT-A1
phosphorylation and apical plasma-membrane accumulation [10, 19, 20].
Interestingly, forskolin treatment also promotes UT-A1 ubiquitination in UT-A1-
MDCK cells [57]. In freshly isolated IMCD suspensions, extended vasopressin
treatment (4 h) stimulates UT-A1 ubiquitination and protein degradation [58].
Pretreatment with the PKA inhibitor H89 significantly inhibits forskolin-induced
UT-AT1 ubiquitination [58]. This indicates that activation of the cAMP/PKA path-
way, resulting in UT-A1 phosphorylation, may also trigger the ubiquitination and
protein degradation machinery for UT-A1. The resulting ubiquitination of mem-
brane proteins after activation by PKA eventually leads to the attenuation of
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signaling processes. This could be the general mechanism for many membrane pro-
tein ubiquitination processes, particularly for ligand-induced tyrosine kinase recep-
tor ubiquitination [59-61]. Upon epidermal growth factor (EGF) stimulation, the
EGF receptor (EGFR) undergoes rapid dimerization, activation of its intrinsic tyro-
sine kinase activity, and autophosphorylation at multiple tyrosine sites within its
cytoplasmic tail. Tyrosine phosphorylation then recruits the ubiquitin ligase C-Cbl
to the EGFR and results in ubiquitination of the EGFR. Ubiquitinated EGFR is then
rapidly internalized and degraded [61]. In fact, early studies by Kim [62] and Terris
[63] have noted that administering vasopressin to Brattleboro rats (which lack vaso-
pressin) for 5 days decreases UT-A1 protein abundance in the inner medulla. The
negative feedback loop of UT-A1 activation and ubiquitination acts as an important
mechanism in vivo to attenuate the hormonal response by promoting UT-A1 ubiqui-
tination and endocytosis, and facilitating protein degradation, thereby allowing the
cell to return to the basal condition.

UT-A1 Monoubiquitination and Lysosomal Degradation

Mature membrane proteins on the cell surface can be modified by the addition of
either monoubiquitin or polyubiquitin chains. Interestingly, when compared to
ubiquitinated UT-A1 induced by proteasome inhibitor treatment, we observed the
much smaller size of ubiquitinated UT-A1 induced by forskolin treatment. This
encouraged us to investigate whether forskolin-induced UT-A1 ubiquitination is dif-
ferent. We took the advantage of two specific ubiquitin antibodies for this study:
FK1 recognizes only polyubiquitinated proteins, while FK2 detects both monoubig-
uitinated and polyubiquitinated proteins [58]. Forskolin stimulation induces UT-A1
ubiquitination [57]. However, forskolin-induced UT-A1l ubiquitination is not
detected by the FK1 antibody (which only recognizes polyubiquitin) but by the FK2
antibody (which recognizes both mono- and polyubiquitin). This indicates that
forskolin-induced UT-A1 ubiquitination is monoubiquitination. Further study
showed that the two major PKA phosphorylation sites of UT-A1, at Ser486 and
Ser499, are required for forskolin-induced UT-A1 monoubiquitination, since the
double mutation of Ser486 and Ser499 reduces forskolin-induced UT-A1 ubiquiti-
nation [58]. In contrast, the two PKA phosphorylation sites do not influence UT-A1
ubiquitination caused by the proteasome inhibitor MG132 [58].

By isolating cell plasma membranes using a sucrose-gradient ultracentrifugation
or by immune-labeling cell surface UT-A1, we found that forskolin-induced UT-A1
monoubiquitination mainly occurs on the cell membrane [58]. Early studies [55, 56]
showed that UT-A1 is ubiquitinated and degraded by the proteasome but not the
lysosome proteolytic pathway. However, the proteasome inhibitor MG132 and lac-
tacystin do not block forskolin-induced UT-Al degradation; on the contrary,
forskolin-induced UT-A1 degradation is prevented by the lysosome inhibitor chlo-
roquine [58]. Double immunostaining of UT-A1 and a lysosomal marker confirms
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that forskolin-induced UT-A1 enters the lysosome compartment for degradation,
which is different from the degradation of non-stimulated UT-A1.

Ubiquitination Regulates UT-A1 Membrane Expression

As a membrane protein, UT-A1 transport activity relies on its presence in the plasma
membrane, which is determined by both endocytosis and exocytosis. The impor-
tance of ubiquitination in the endocytosis of various membrane proteins has been
appreciated in recent years [64—66]. Both monoubiquitination and polyubiquitina-
tion can serve as efficient internalization signals [64—66]. Under non-stimulated
conditions, inhibition of proteasome activity increases the amount of UT-A1 protein
on the cell surface, as reported by Smith et al. [56] and by us [55], indicating that
polyubiquitination affects UT-A1 membrane expression.

Although some membrane protein endocytosis is mediated by polyubiquitina-
tion or even in an ubiquitination independent manner [67-69], a body of evidence
shows that monoubiquitin is an efficient signal for the internalization of membrane
proteins such as GPCR, RTKs, hERG, and skAE1 [70-73]. UT-A1 internalization
occurs through both caveolae- and clathrin-coated pits (CCP) under non-stimulated
conditions [74]. Forskolin-induced UT-A1 monoubiquitination and its endocytosis
are blocked by chlorpromazine, as well as K* depletion, but not by filipin and
nystatin [58]. This indicates that the monoubiquitination-induced UT-A1 internal-
ization is predominantly through a clathrin-mediated route and is subsequently tar-
geted to the lysosome for degradation.

MDM2-Mediated UT-A1 Ubiquitination

Ubiquitination is a posttranslational modification carried out by a cascade of three
enzymes: an E1, ubiquitin-activating enzyme, which binds to ubiquitin to generate
a high-energy El-ubiquitin intermediate; an E2, ubiquitin-conjugating enzyme,
which is a ubiquitin carrier protein; and an E3, ubiquitin ligase, which transfers
ubiquitintoatargetprotein[75]. UT-A1hasaconsensus binding site (FxxxWxx[LIV])
in its intracellular loop for MDM2, a RING finger E3 ligase that ubiquitinates p53
and many other proteins [76]. This sequence is highly conserved among rats,
humans, mice, dogs, cattle, and platypuses. Protein binding experiments confirm
that UT-A1 can directly interact with MDM2; the binding site is located in the NH2-
terminal p53-binding region of MDM2 (30). Functionally, MDM2 mediates UT-A
ubiquitination in an in vitro ubiquitination assay. Overexpression of MDM?2 pro-
motes UT-A1 ubiquitination and increases the degradation of UT-A1 protein in
HEK?293 cells (30). Feng et al. reported that the 14-3-3y isoform in the 14-3-3 pro-
tein family directly interacted with both UT-A1 and MDM2, and cAMP/PKA acti-
vation by forskolin improved the interaction, as well as MDM2-mediated UT-A1
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ubiquitination [77]. Furthermore, high glucose and angiotensin II also enhances the
interaction between UT-A1 and MDM?2 [78], therefore boosting MDM2-mediated
UT-A1 ubiquitination. However, all of these data come from in vitro studies. It is
not clear whether UT-A1 ubiquitination is mediated by MDM2 in tissues and
whether other E3 ligases are also involved in UT-A1 ubiquitination. Another impor-
tant unsolved issue is determining the ubiquitin conjugation sites. UT-A1 possesses
a number of lysines dispersed in the intracellular N-terminus, intracellular
C-terminus, and the large intracellular loop. However, the lysines that could serve
as ubiquitin conjugation sites in UT-A1 have not yet been determined. Further stud-
ies are required to identify which lysines are ubiquitinated and whether mutation of
these residues affects UT-Al ubiquitination, protein stability, and membrane
accumulation.

In summary, UT-A1 can be polyubiquitinated and degraded through a protea-
some pathway and can also be monoubiquitinated and degraded in a lysosome sys-
tem. The different pathways of UT-A1 ubiquitination and degradation depend on
the state of the protein and play distinct roles in response to different physiological
situations. Figure 4.5 illustrates UT-A1 ubiquitination, endocytosis, and protein
degradation under basal and stimulated conditions. UT-A1 has two endocytic path-
ways [74] and two protein degradation pathways [55, 56, 58]. The detailed regula-
tory mechanisms of how UT-A1 is routed to these two different endocytic pathways
and the two different degradation systems could be very complicated; however,
ubiquitination could be a key regulator of UT-A1 sorting, trafficking, and protein
turnover. The caveolin-mediated pathway is responsible for constitutive UT-Al
internalization, whereas the clathrin-coated pit pathway may regulate UT-A1 endo-
cytosis stimulated by vasopressin in vivo (by forskolin in vitro), and the latter path-
way is accelerated by monoubiquitination. The monoubiquitinated UT-A1 is
trafficked to the lysosome for degradation. In contrast, cytosolic UT-A1, misfolded
UT-A1 from the endoplasmic reticulum, and constitutively internalized cell-surface
UT-A1 (mostly from the caveolae-mediated endocytic pathway) is polyubiquiti-
nated and targeted to the proteasome for degradation. Needless to say, both endo-
cytic pathways, both ubiquitination processes, and both protein degradation systems
are important and required for proper cell functions. They cooperate in concert to
maintain the cell in perfect homeostasis under both normal and stimulated
conditions.

UT-A3 Ubiquitination

Stewart et al. [56] reported that inhibition of the ubiquitin-proteasome pathway also
increased urea transport activity of mouse (m) UT-A3, heterologously expressed in
MDCK cells, in a concentration-dependent manner, indicating that UT-A3 is also
regulated by ubiquitination and the ubiquitin-proteasome pathway.
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Fig. 4.5 UT-AI ubiquitination, internalization, and degradation [58]. Under normal conditions,
cytosolic UT-A1 (including misfolded UT-A1 from the ER) and constitutively internalized cell-
surface UT-A1 (mostly from the caveolae-mediated endocytic pathway) are polyubiquitinated and
degraded in the 26S proteasome system. However, upon AVP/FSK stimulation, UT-A1 is phos-
phorylated and processed for monoubiquitination at the cell surface and internalized via a CCP
pathway. The internalized monoubiquitinated UT-A1 is trafficked to the early endosome, then
targeted to the lysosome for degradation. CCP clathrin-coated pits, AVP arginine vasopressin, FSK
forskolin, PKA protein kinase A

Glycosylation of Urea Transporters

UT-Al Is a Highly Glycosylated Protein

Immunoblotting studies of normal rat renal inner medulla (IM) demonstrate that the
native UT-A1 urea transporter is a glycoprotein with two glycoforms of 117 and
97 kDa [79, 80]. These two forms are not caused by gene splicing but by different
degrees of posttranslational glycosylation. Both of the 97- and 117-kDa bands dis-
appear and yield a single 88-kDa deglycosylated UT-A1 after deglycosylation treat-
ment by PNGase F [79].
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Fig. 4.6 Glycosylation analysis of 97- and 117-kDa UT-Al by lectin pull-down assay [81].
Normal rat kidney inner medullary lysates were incubated with the indicated agarose bound lectins
at 4 °C overnight. The lectin precipitated samples were analyzed by immunoblotting with UT-A1
antibody

It has been believed that the two glycoforms of UT-A1 are the mature glycosyl-
ation forms, since they are both insensitive to endoglycosidase H treatment [79].
Experiments using differential centrifugation to fractionate inner medullary mem-
branes also show that both the 97- and 117-kDa glycoforms of UT-A1 are expressed
in the cell plasma membrane [79]. Furthermore, both of the two UT-A1 glycoforms
are phosphorylated in response to vasopressin stimulation [10, 19, 33]. However, by
using different lectins that recognize different structural determinants in glycans,
we recently clarified the difference in glycosylation structure between 97- and 117-
kDa forms of UT-A1l [81]. Tomato lectin, which is specific for poly-N-
acetyllactosamine (poly-LacNAc) on the terminal ends of glycans, only binds to the
117-kDa UT-A1. Conversely, GNL, which binds to mannose, only pulled down the
97-kDa UT-Al. Therefore, the higher molecular mass form, the 117-kDa UT-A1, is
a complex N-glycan with heavier glycosylation. The 97-kDa UT-Al is a hybrid
glycan form with low content of terminal N-acetylglucosamine (GIcNAc) residues
but high content of mannose glycans (Fig. 4.6).

Interestingly, the relative protein abundance of the two forms varies under differ-
ent conditions. The 117-kDa form increases dramatically in several states associ-
ated with decreased urine concentration, such as streptozotocin (STZ)-induced
diabetes mellitus (DM) [80], a low-protein diet [63], hypercalcemia [82], water
diuresis [63], and furosemide administration [63]. A tubule perfusion study of initial
IMCDs from rats with STZ-induced DM shows that the appearance of the 117-kDa
form in the inner medullary base is associated with increased urea transport activity
[83]. Therefore, changes in the relative abundance of the 97- and 117-kDa forms of
UT-A1 may have important roles in regulating UT-A1 function.
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Role of Glycosylation in UT-A1 Membrane Expression
and Protein Stability

N-Glycosylation is a key posttranslational modification and is required for the func-
tional activity of many membrane transporters. N-Glycosylation can play an impor-
tant role in modulating protein biological activity, directing protein folding,
regulating cell-surface expression and membrane localization, or increasing protein
stability. The amino acid sequence of rat UT-A1 contains four consensus N-linked
glycosylation sites (NX(S/T), where X # proline) at Asn-13, —279, —544 and —742.
By site-directed mutagenesis, we determined that two sites (Asn-279 and Asn-742)
are involved in N-linked glycosylation of UT-A1. Interestingly, these two sites make
different contributions to the glycosylation of UT-A1. The Asn-742 site in the sec-
ond extracellular loop appears to have a greater extent of glycosylation than the
Asn-279 site in the first extracellular loop, suggesting differential glycan synthesis
and trimming among these two sites [84]. It is not clear whether and how the two
glycosylation sites play different roles in urea transport activity.

In MDCK cells expressing wild-type UT-A1, urea flux was stimulated by either
vasopressin or forskolin. However, the cells expressing mutant forms of UT-A1l
lacking these two N-glycosylation sites had a delayed and significantly reduced
maximal urea flux [84]. In many cases, N-linked glycosylation is critical for mem-
brane protein intracellular movement and its eventual delivery to the cell surface.
Indeed, most membrane proteins targeted to the plasma membrane possess N-linked
glycosylation. Hendriks et al. [85] reported that the glycan mutant of AQP2 was
unable to exit the Golgi apparatus and failed to be delivered to the cell membrane.
By fractional ultracentrifugation, we found that unglycosylated UT-A1 is mainly
trapped in the Golgi apparatus, and it significantly lost its ability to move to the cell
surface in response to vasopressin and forskolin. This indicates that loss of glyco-
sylation affects UT-A1 exiting both the ER and Golgi, especially when moving
from the Golgi to the cell surface.

For many glycoproteins, deletion of glycosylation increases protein turnover.
Removal of the glycosylation site in AQP2 produces a protein with a reduced half-
life [85]. Pulse-chase experiments show that UT-A1 half-life is reduced when the
two glycosylation sites are eliminated. Immature unglycosylated proteins often stay
longer in the ER [84]. The prolonged residence may facilitate UT-A1 breakdown by
the ER quality control mechanisms. Additionally, even when an unglycosylated
protein escapes from the ER, it is more susceptible to proteolytic attack and has a
greater chance of being degraded before being inserted into the plasma membrane
[86]. Thus, by affecting UT-A1 trafficking to the plasma membrane and protein
stability, glycosylation actively participates in the regulation of UT-A1 function.
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Role of Glycosylation in UT-A1 Lipid Raft Targeting

The cell plasma membrane contains many specialized microdomains, referred to as
lipid rafts, floating in the membrane. The lipid raft is a highly ordered membrane
structure enriched in cholesterol and sphingolipids [87]. The activity of many mem-
brane proteins can be modulated by its specific localization within different micro-
domains at the plasma membrane [88]. Being associated with lipid rafts becomes an
important regulatory mechanism for some proteins. Some membrane protein (chan-
nel) activities are higher outside of lipid raft microdomains, as seen in TRPMS [89].
However, NKCCl is strongly activated when it is moved into lipid rafts [90].

Protein partitioning to membrane rafts occurs either via protein—protein interac-
tions or by a variety of posttranslational modifications, such as palmitoylation,
myristoylation, acylation, or glycosylphosphatidylinositol modification [90-93].
Glycosylation serves as an important apical plasma-membrane trafficking signal
that has been well acknowledged [84, 85, 94]. The role for glycosylation as a lipid
raft sorting signal has been appreciated in several reports. Xiong et al. [95] reported
that differential partitioning in lipid raft microdomains determines the apical versus
basolateral localization of the PMCA2w and 2z splice variants. Therefore, directing
membrane protein into lipid rafts by glycosylation is of particular importance in the
control of membrane protein apical trafficking.

The UT-A1 urea transporter is associated with lipid rafts, both in stably express-
ing UT-A1-HEK-293 cells [74, 96] and in freshly isolated rat kidney IMCD suspen-
sions [74, 81]. The highly glycosylated 117-kDa form of UT-A1 prefers to reside in
less buoyant lipid rafts (fractions 1-3). Loss of glycosylation impairs UT-A1 traf-
ficking to lipid rafts [81]. Interestingly, unlike in IMCD and HEK293 cells, UT-A1 in
transfected MDCK cells has a much wider distribution, both in the lipid raft frac-
tions and in the non-raft fractions. By using sugar-specific binding lectins, we com-
pared UT-AL trafficking to lipid raft versus non-raft subdomains and found that the
UT-AL1 in non-lipid rafts contains a higher amount of mannose, as detected by con-
canavalin A. In contrast, UT-A1 in lipid rafts is the mature N-acetylglucosamine-
containing form, as detected by wheat germ agglutinin. Differential N-glycosylation
influences UT-A1 distribution in lipid rafts. The mature glycosylation acts as a tar-
geting signal, facilitating UT-A1 trafficking into membrane lipid raft subdomains.
In polarized epithelial cells, lipid rafts are believed to be in the apical membrane
[87]. Thus, association with lipid rafts mediated by glycosylation represents an
important mechanism for UT-A1 targeting to the apical plasma membrane in polar-
ized epithelial cells.
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UT-A1 Glycosylation in Streptozotocin-Induced Diabetic Rats

Diabetes mellitus (DM) is a metabolic disease characterized by increased blood
glucose. The elevated glucose and its metabolic derivatives affect many aspects of
cellular function including the sophisticated protein glycosylation mechanisms. In
diabetes, the kidney has elevated urea reabsorption activity, which plays a critical
role in ameliorating the osmotic diuresis caused by glucosuria [62, 80]. In strepto-
zotocin (STZ) -induced diabetic rats, which have uncontrolled type 1 DM, UT-A1
urea transporter protein abundance in the inner medullary (IM) tip was 55% of
control in 5-day diabetic rats but increased to 170, 220, and 280% at 10, 14, and
20 days of DM, respectively. Interestingly, the two glycosylated UT-A1 forms
increase differentially. Diabetes causes an increase in the 117-kDa rather than
97-kDa glycoprotein in both the IM tip and base [80]. Analysis of the lipid rafts
shows an increase of 117-kDa UT-A1 in lipid rafts in STZ diabetic rat IM. The
increased 117-kDa UT-A1 in lipid rafts may contribute to the enhanced urea perme-
ability in IMCDs in diabetic rats [62, 80].

Glycosylation, an extremely complicated posttranslational process, is initially
started in the ER, as early as during protein synthesis. The maturation of a glycan is
mainly processed in the Golgi complex by trimming and adding different sugars,
such as fucose, sialic acid, iduronic acid, xylose, etc. More recently, studies exam-
ined the structural change of glycan sugars on UT-A1 [81, 97]. These studies dem-
onstrate that diabetes not only causes an increase of UT-A1 protein abundance, but
also results in UT-A1 glycan changes, including an increase of sialic acid content
[81]. Since sialic acid (N-acetylneuraminic acid) is a negatively charged large sugar
that caps the terminal galactose in the carbohydrate chains on the cell surface,
sialylation modification often affects glycoproteins in many aspects, like changing
the protein’s overall conformation, ligand binding, and galectin binding [98, 99].
We found that increased sialylation, reflecting glycan maturation, is linked to an
increase in UT-A1 urea transport activity as well as membrane accumulation under
diabetic conditions, and these effects are mediated by PKCa-Src pathway [100]. In
addition, the amount of fucose content in UT-Al is increased and the glycan
becomes more branched under diabetic conditions [101]. Future studies should
investigate more deeply the structural features of UT-A1 N-glycosylation, particu-
larly under diabetic conditions. In terms of this question, the new technology of
glycomics will be helpful to decipher the specific oligosaccharide structures and
this information will be helpful to dissect how glycan changes regulate UT-A1 api-
cal membrane trafficking, lipid raft association, protein stability, and functional
activity.



80 X. Li and G. Chen
UT-A3 Glycosylation

UT-A3 is also a glycoprotein and has two types of glycosylation forms of 67 kDa
and 44 kDa [102]. By removing the N-glycans with PNGnase, UT-A3 yields a sin-
gle band at 40 kDa. Lectin pull-down analysis shows that the 67-kDa UT-A3 con-
tains higher content of poly-LacNAc, which is mainly accumulated in the lipid raft
domain. Interestingly, although only a half of UT-A1 in structure, UT-A3 exhibits
higher urea transport activity than UT-A1 in Xenopus oocytes. The maturation of
UT-A3 glycosylation with poly-LacNAc may contribute to the increased protein
stability and urea transport activity of UT-A3 [97]. In addition, the mature form of
67-kDa UT-A3 is also highly sialylated, which is catalyzed by the sialyltransferase
ST6Gall. PKC activation promotes UT-A3 sialylation and accumulation in the
plasma membrane, eventually increases urea transport activity of UT-A3 [103].
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Chapter 5 ®
Transport Characteristics of Urea S
Transporters

Zhizhen Huang and Baoxue Yang

Abstract Rapid urea permeation mediated by urea transporters (UTs) is crucial for
maintaining normal physiological processes in organisms. UTs not only facilitate
urea transport but also water transport, further underscoring their role in maintain-
ing fluid balance. Advances in structural biology have led to the elucidation of high-
resolution three-dimensional structures of various UTs, offering critical insights
into the molecular mechanisms underlying their efficiency in transporting urea and
water. UT-B displays high permeability to urea analogs, which can competitively
inhibit urea permeation by obstructing the channel. However, whether UT-A is
capable of transporting urea analogs remains contentious. Additionally, further
investigation is required to determine if UTs can facilitate ammonia transport. Urea
permeability (P,.,) in erythrocytes differs between different mammals. Carnivores
exhibit high P, .. In contrast, herbivores show much lower P,.,. Erythrocyte P, in
omnivores was intermediate. Rodents and lagomorphs have P,., intermediate
between carnivores and omnivores. This chapter provides information about the
transporter characteristics of UTs.

Keywords Urea transport - Water transport - Urea analogues - Ammonia - Species

Urea Transport Mediated by Urea Transporters

Urea Transport Efficiency

Urea is one of the most ubiquitous organic compounds in nature, serving as the final
product of amino acid metabolism in both human and animal bodies. Research in
the 1970s confirmed the permeability of mammalian erythrocyte membranes to urea
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[1, 2]. Subsequent studies reported that the inner medullary collecting ducts (IMCD)
regulate urea permeability under the influence of vasopressin [3-5], and individuals
with Jk(a-b-) erythrocytes exhibit impaired urea permeability [6], suggesting the
presence of urea transporter proteins. Ultimately, two families of urea transporter
(UT) proteins, UT-A and UT-B, were discovered in mammals, encoded by the inde-
pendent genes Slc/4a2 and Sic14al, respectively [7-10].

Xenopus oocytes injected with human UT-B (hUT-B) cRNA resulted in a P,
(urea permeability) of 2.5 x 107° cm/s, significantly higher than the control group
injected with water, which had a P, of 1.2 ~ 2 x 1076 cm/s [8]. Based on the
quantity of UT-B protein in human erythrocytes and urea permeability calcula-
tions, the turnover rate of hUT-B is estimated to be approximately 20 ~ 60 x 103
urea molecules per second, highlighting its crucial role in rapid urea transport
[11]. The ability of hUT-B to transport urea can be inhibited by phloretin, pura-
chloromercuribenzene sulfonate (p)CMBS), and urea analogs. Phloretin (0.1 mM)
inhibited P, by 54%, while complete inhibition was observed at 0.2 mM phlor-
etin. Additionally, 0.5 mM pCMBS reduced urea transport by 65%. Furthermore,
thiourea at 50 mM, nitrophenylthiourea (NPTU) at 0.1 mM, and
(3,4-dichlorophenyl)-2-thiourea (DCPTU) at 0.1 mM inhibited urea transport by
88%, 35%, and 54%, respectively [8].

Expression of rat UT-B (rUT-B) in oocytes increases urea uptake by approxi-
mately 50-fold. Urea transport mediated by rUT-B is inhibited by 57%, 21%, and
86% with 150 mM urea analogs thiourea, 1,1-dimethylthiourea (DMT), and 1,3-
DMT, respectively [12]. In UT-B deficient mice, red blood cell permeability is
45-fold lower compared to wild-type mice [13]. Urea flux in mouse red blood cells
is inhibited by 98%, 93%, 87%, 72%, and 64% with 200 mM urea analogs dimethy-
lurea, acrylamide, methylurea, thiourea, and formamide, respectively [14]. Phloretin
at 0.7 mM completely inhibits hUT-B and mUT-B, but only inhibits rUT-B by 55%
[12, 14]. In the presence of 0.5 mM pCMBS, urea uptake by rUT-B is inhibited by
32%, while hUT-B is inhibited by 61% [12]. These results highlight species-specific
differences in UT-B function.

Expression of hUT-A1 in Xenopus oocytes increases uptake of '“C-urea by
15 ~ 20 times compared to control. The uptake of “C-urea by hUT-A1 is reduced by
55% and 73% with 0.5 mM phloretin and 150 mM thiourea, respectively [15].
However, injection of hUT-A6 cRNA into oocytes increased urea uptake only four-
fold, and urea permeability was completely inhibited by 0.5 mM phloretin [16],
suggesting differential urea transport capabilities and sensitivities to phloretin
among UT-A subtypes.

Similar to hUT-A1, expression of rUT-A1 in Xenopus oocytes enhances uptake
of “C-urea by 15 ~ 20 times compared to control. 0.7 mM phloretin, 150 mM thio-
urea, and 150 mM dimethylurea almost completely inhibit the increase in urea
uptake mediated by rUT-A1, whereas | mM pCMBS does not affect urea transport
rates in oocytes expressing rtUT-A1 [9]. In perfused rat IMCDs, the transporter rUT-
A1l has been quantified using an ELISA-based method, revealing a transport rate of
0.3 ~ 1 x 10° urea molecules per second [17]. Expression of rUT-A2 in oocytes
increased urea uptake by 7 ~ 11 times compared to water-injected oocytes. Urea
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absorption by rUT-A2 was inhibited by 71% with 0.35 mM phloretin and com-
pletely inhibited by 0.70 mM phloretin; 150 mM thiourea inhibited it by 62% [18].
rUT-A3 and rUT-A4 exhibit similar urea transport capabilities to rUT-A1 and
rUT-A2 [19].

The urea uptake by oocytes expressing mUT-A1, mUT-A2, mUT-A3, or mUT-
A5 increased by only three-fold, two-fold, five-fold, and three-fold, respectively,
compared to water-injected oocytes [20, 21], indicating that the urea permeability of
mUT-As is much lower than that of rUT-As. The urea permeability of mUT-A1 and
mUT-A2 was completely inhibited by 0.5 mM phloretin [20], while the inhibition
rates for urea permeability of mUT-A3 and mUT-AS5 were 75% and 53%, respec-
tively [21]. The turnover rates of mUT-A2 and mUT-A3 are 0.46 x 10° and 0.59 x 103
urea molecules per second, respectively [22], similar to rUT-A1. These findings
suggest that the reduced urea permeability observed in experiments with mUT-As
compared to rUT-As is due to lower expression levels of mUT-As proteins.

Urea Transport Mechanism

In recent years, advancements in structural biology techniques, such as X-ray crys-
tallography and cryo-electron microscopy, have led to the elucidation of high-
resolution structures of several UT family members, including Desulfovibrio
vulgaris UT (dvUT), bovine UT-B, human UT-A2, UT-A3, UT-B, and zebrafish UT
[23-26]. These structural analyses have revealed a high degree of conservation in
both structure and function within the UT family, providing critical insights into the
urea transport mechanism. The resolved structures of UT family members exhibit
significant structural similarities. All UTs exist as trimers, with each monomer con-
taining an independent urea channel. This trimeric assembly allows for independent
urea transport by each UT monomer, while the overall trimeric structure enhances
the stability of the channels (Fig. 5.1).

Each UT monomer comprises ten complete transmembrane helices and two half-
transmembrane helices. These helices are symmetrically distributed on either side
of the urea channel, with the complete transmembrane helices designated as 1a-5a
and 1b-5b, and the half-transmembrane helices referred to as Pa and Pb. Helices 3a,
3b, 5a, 5b, Pa, and Pb collectively envelop the urea channel, forming a continuous

Fig. 5.1 Overall structure of hUT-A2
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conduit (Fig. 5.1). The structure of the urea channel exhibits a characteristic “wide-
end narrow-middle” morphology, with wider openings at both ends and a narrower
selective filter region in the central section. The constricted region of the channel is
composed of several conserved amino acid residues that provide hydrogen bonding
interactions with urea, facilitating its transport in a dehydrated state.

Recently, Huang et al. captured transient structures of urea passage through UTs,
obtaining crystal structures of human UT-A2 and zebrafish UT in complex with
urea. Based on these high-resolution structures and molecular dynamics simula-
tions, they elucidated the detailed mechanism of urea transport by UTs. The selec-
tive filter in the channel can be divided into three regions: So, Sm, and Si, traversing
from the extracellular side to the cytoplasmic side. Free urea molecules from the
extracellular space are first captured by forming hydrogen bonds with the side chain
of Q231%, entering the So region. The subsequent swinging of the T338% side chain
guides the urea molecule into the Sm region, where it alternately forms hydrogen
bonds with T338% and T176, effectively reorienting the oxygen atoms of urea. The
movement of the T176> side chain may facilitate the transfer of the urea molecule
from the Sm to the Si region. Finally, urea forms hydrogen bonds with the side chain
of Q67% and is released into the cytoplasm, completing the transport process from
extracellular to intracellular environments. The movement of urea within the chan-
nel is constrained by pairs of hydrophobic amino acids on either side, ensuring that
only one urea molecule can pass through specific positions within the channel at a
time. This mechanism guarantees unidirectional transport of urea across the mem-
brane. Sequence alignment and mutational analyses demonstrate that different UTs
possess a conserved transport mechanism, with the polar network formed by Q231,
T338%, T176%, and Q67™ being critical for the recognition and transport of urea
(Fig. 5.2) [26].

In previous studies, although the protein structure with the urea-bound state had
not been determined, researchers utilized the apo state of the protein structure to
perform molecular dynamics simulations in order to investigate the mechanism of
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Fig. 5.2 Urea permeation mechanism of the human urea transporter hUT-A2 [26]
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urea permeation through urea channels. During this process, it was widely accepted
that the “oxygen ladder” structure played a critical role in the selective permeation
of urea. The selective filter region is surrounded by a series of linearly arranged
oxygen atoms, forming the so-called “oxygen ladder.” Urea molecules gradually
move through the channel by forming hydrogen bonds with these oxygen atoms,
facilitating rapid permeation [23, 24, 27] (Fig. 5.3). However, in the study by Huang
et al., the polar motif Q231F>-T338%-T176%-Q67" was accurately identified for the
first time, providing deeper insights into the selective mechanism of urea transport.

It is interesting that water molecules play a crucial role in the process of urea
permeation through urea channels. As urea molecules traverse the channel, they are
accompanied by water molecules, which form hydrogen bonds with urea and facili-
tate its passage. However, when urea enters the narrow Sm region, it must undergo
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Fig. 5.3 Snapshots describing the transport process of urea in the pore. Z, represents the
Z-coordinate of the carbon atom in the urea molecule. The hydrogen bonds are represented by
dashed lines. (a) A urea molecule enters the entrance of the pore from the extracellular side. (b) At
the external resident site (S.y), the urea forms hydrogen bonds with O, water, and T294. (¢) The
hydroxyl arm of T294, Hal, drags the urea to the middle region of the pore. (d) The urea is located
at the unstable equilibrium site near the center of the pore. (e) In the transitional configuration, the
hydroxyl arm of T130, Ha2, is dragging the urea to O,. (f) The process of dragging the urea from
the middle region to O, has been completed. (g) At the middle resident site (S,,4), urea forms a
hydrogen bond with O, and can be bridged with Os and/or Oy via water. (h) At the internal resident
site (Siy), the urea forms a hydrogen bond with O4 and can interact with the amide hydrogen of
L129 via a bridging water molecule [27]
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complete dehydration and overcome an energy barrier of approximately 5.0 kcal/
mol to continue through the channel. The energy loss due to dehydration is partially
compensated by the formation of consecutive hydrogen bonds between the urea and
oxygen atoms within the channel. This mechanism helps to explain the efficient
permeation of urea through the channel [23, 24, 26, 27].

It is noteworthy that there is ongoing debate regarding whether urea molecules
rotate while passing through the channel. Huang et al., using molecular dynamics
simulations based on the urea-bound hUT-A2 structure, observed that urea mole-
cules undergo rotation as they pass through the polar motif (Q2317°-T338%-T176%-
Q67™), a process considered crucial for urea transport through the channel [26]. In
contrast, Elena J. Levin et al., using molecular dynamics simulations based on the
apo state structure of bovine UT-B, observed that urea molecules exhibit minimal
rotation within the channel [24]. However, it should be noted that since Elena
J. Levin’s study did not capture the transient structure of urea permeation through
UT, the reliability of their molecular dynamics results is relatively lower, limiting
their explanation of the urea transport mechanism to some extent.

Additionally, Zhang et al. developed a cooperative binding model using the
structure of dvUT, indicating that binding at one site can enhance the binding ability
of other unoccupied sites, revealing a positive cooperative effect. As binding sites
become progressively occupied, the movement of urea within the channel becomes
more efficient [28].

Water Transport Mediated by Urea Transporters

Water Transport Efficiency

By measuring osmotic water permeability (Py) in Xenopus oocytes expressing UTs,
it is clear that UT-B functions as an efficient water channel [29-32]. Quantitative
measurement of single-channel P; of UT-B gives a value of 1.4 cm®s. UT-B-
mediated water permeability is weakly temperature dependent (activation energy
<4 kcal/mol), inhibited >75% by the urea transport inhibitor 1,3-dimethylthiourea,
but not inhibited by the water channel (aquaporin) inhibitor HgCl, [29]. These
results indicate that UT-B functions as a urea/water channel utilizing a common
aqueous pathway (Fig. 5.4).

The significant intrinsic water permeability of UT-B suggests the existence of a
continuous aqueous channel through the UT-B protein that permits passage of both
water and urea. A study of temperature dependence shows a weak temperature
dependence for UT-B-mediated transport of both water and urea. The low Arrhenius
activation energy (<4 kcal/mol) is consistent with an aqueous pore pathway and is
in agreement with the low activation energies found for several of the aquaporin-
type water channels. UT-B-mediated water and urea transport were each strongly
inhibited by the urea analogue 1,3-dimethylthiourea and by phloretin. Neither water
nor urea transport was inhibited by HgCl,, a potent inhibitor of most aquaporin-type
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Fig. 5.4 Schematic

diagram of UT-B as a urea/ ] : ..‘ / gg :.

water channel utilizing a
£ water ®e urea
common aqueous pathway

water channels. HgCl,, but not the urea transport inhibitors, strongly inhibit water
permeability in oocytes expressing the water channel aquaporin-1 (AQP1). These
results support a common aqueous route for water and urea transport through UT-B.

Increased water permeability in Xenopus oocytes expressing UT-B was subse-
quently confirmed by Sidoux-Walter et al. [32] However, they concluded that UT-B-
facilitated water transport does not occur under physiological conditions. They
proposed, based on water versus urea permeability measurements in oocytes
expressing different levels of UT-B, that UT-B-associated water permeability occurs
only when UT-B is expressed at non-physiological, high levels.

To quantify UT-B-mediated water transport, Yang et al. generated double knock-
out mice lacking UT-B and the major erythrocyte water channel AQP1 [13]. Osmotic
water permeability in erythrocytes from mice lacking both AQP1 and UT-B is 4.2-
fold lower in the double knockout mice than in erythrocytes from mice lacking
AQP1 alone. A similar low water permeability was found in erythrocytes from
AQP1 null mice after UT-B inhibition by phloretin and in erythrocytes from UT-B
null mice after inhibition of AQP1 by HgCl,. UT-B-facilitated water transport was
weakly temperature dependent. These results explain why the activation energy of
erythrocyte water transport after mercurial inhibition or AQP1 deletion is substan-
tially lower than expected for lipid-mediated water transport [33]. The experimental
results also provide a molecular basis for the conclusion of Dix and Solomon [34],
which were based on studies of membrane perturbing agents, showing that the
mercurial-insensitive water permeability in erythrocytes involves, in large part, a
protein pathway.

Figure 5.5 summarizes the contributions of protein and lipid pathways for water
and urea transport in mouse erythrocytes. At 10 °C, ~90% of water is transported
through AQP1, 8% through UT-B, and the remainder through the lipid membrane.
The vast majority of urea is transported through UT-B. At 37 °C, ~79% of water is
transported through AQP1, 6% through UT-B, and the remainder through the lipid
membrane.

It is interesting to compare the intrinsic (single channel) water permeabilities of
AQP1 versus UT-B. Assuming, as in human erythrocytes, that there are 14,000 cop-
ies of UT-B and 200,000 copies of AQP1 [36] per mouse erythrocyte plasma
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Fig. 5.5 Schematic diagram of relative contributions of AQP1, UT-B, and the lipid bilayer to
erythrocyte water and urea permeability [35]

membrane, then there is ~1 UT-B molecule per 14 AQP1 molecules. Yang and
Verkman [35] showed that AQP1 contributes 13 times more than UT-B to erythro-
cyte water permeability. Thus, the single-channel (per molecule) water permeability
of UT-B in erythrocytes is very similar to that of AQP1 (7.5 x 10~ cm¥/s). The
presence of a continuous aqueous pathway through UT-B that efficiently facilitates
osmosis is an interesting observation that may account for the exceptionally high
transport turnover rate of UT-B (2 ~ 6 x 10° molecules/s) [11], as high as that of ion
channels and > 2 ~ 3 orders of magnitude greater than that of classic carriers and
active transporters. A recent functional study of human erythrocyte variants and MD
simulations clearly demonstrates that urea and water share the same pathway
through the pore of UT-B [31]. Geyer et al. [30] also confirmed that human UT-B is
a water channel in Xenopus oocytes.

A recent study has proposed that the UT-B protein may not facilitate water per-
meability. The researchers collected blood samples from healthy volunteers and
hospital blood banks, observing significant variability in urea permeability among
red blood cells from different donors, while water diffusion permeability remained
relatively constant. Inhibition experiments further demonstrated that urea permea-
bility could be effectively reduced by specific inhibitors, whereas water permeabil-
ity was not significantly affected under the same conditions [37]. However, this
phenomenon may be attributed to the high expression of aquaporins in red blood
cells, which could mask the potential water permeability function of the UT-B pro-
tein, thereby explaining the lack of significant water permeability observed in
the study.

There is some controversy regarding the water permeability of UT-A subtypes.
Studies have reported that UT-A2, UT-A3, and UT-AS5 do not possess water perme-
ability [21, 22, 29]. Yang & Verkman first explored whether UT-A exhibits water
permeability, finding that oocytes expressing rtUT-A2 showed no statistically sig-
nificant difference in water permeability compared to the control group [29].



5 Transport Characteristics of Urea Transporters 95

Subsequently, another study reported that expression of mUT-A3 or mUT-AS had
no effect on oocyte osmotic water permeability [21]. Maciver et al. reported that
oocytes expressing mUT-A2 had a P; of 2.85 + 0.26 x 10~ cm/s, while those
expressing mUT-A3 had a P; of 4.38 + 0.41 x 10~ cm/s, both showing no statisti-
cally significant difference compared to control oocytes with a P; of
4.34 £ 0.40 x 10~* cm/s [22].

However, one study [38] indicated that oocytes injected with mUT-A2 and mUT-
A3 cRNA show significantly increased mean P; values compared to oocytes injected
with water. Furthermore, the addition of 0.5 mM phloretin significantly reduces the
mean P; values of the mUT-A2 and mUT-A3 injection groups, while the control
group injected with water remains unaffected by phloretin. The significant differ-
ences in results among different studies may partly be attributed to variations in
experimental conditions, leading to biased assessments of the water permeability of
UT-A subtypes.

Water Transport Mechanism

Exploring the ability of UTs to permeate water is crucial, not only relying on experi-
mental validation but also through structural biology analysis. Researchers con-
structed a three-dimensional model of human UT-B based on the structure of bovine
UT-B using homology modeling and conducted molecular dynamics simulations.
The simulation results indicated that water molecules in the UT-B protein rapidly
traverse the channel in a single-file manner, primarily facilitated by the rapid
exchange of hydrogen bonds between water molecules, particularly involving key
threonine residues: Thr177 and Thr339. The dynamic exchange of these hydrogen
bonds significantly enhances water conduction. In the central region of the channel,
water molecules undergo polar reorientation, a process closely related to hydrogen
bond exchange, especially around the threonine-rich residues. As water molecules
move through the channel, they encounter an energy barrier located in the reorienta-
tion region. Despite this barrier, water molecules are able to overcome it through
thermodynamic fluctuations, successfully completing their passage. This mecha-
nism highlights the complexity of water movement within UT channels and its reli-
ance on the hydrogen bond network [31] (Fig. 5.6).

Interestingly, the mechanism by which UT-B facilitates water transport is very
similar to that of aquaporin 1 (AQP1), further suggesting that UT-B possesses water
permeability. Both AQP1 and UT-B conduct water in a single-file arrangement,
where water molecules rapidly move through the channel via hydrogen bond
exchange. In both channels, water molecules experience reorientation of their dipole
moments, a phenomenon associated with critical amino acid residues in the chan-
nel. In AQP1, water molecules reorient in the NPA (asparagine-proline-alanine)
region, while in UT-B, this reorientation occurs near the two key threonine residues
(Thr177 and Thr339) [31].
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Fig. 5.6 Orientation of water molecules through the pore [31]

Although direct experimental data indicating whether dvUT can permeate water
are currently lacking, molecular dynamics simulation results demonstrate that water
molecules can enter and traverse the dvUT channel. During this process, water mol-
ecules typically move in a discrete manner, occasionally forming continuous water
chains, thereby constructing a hydrogen bond network. At the midsection of the
dvUT channel (Z = —1.0 A), water molecules exhibit polar inversion, resembling
the mechanism of urea transport [27].

Overall, the water transport mechanisms of both dvUT and bovine UT-B are
highly similar to that of urea, suggesting a conservation of water permeability and
mechanisms among UT family members. Although most laboratories have yet to
observe water transport in UT-A, this may relate to experimental conditions such as
expression levels. Future studies need to further validate the water permeability of
the UT-A family through additional experiments and molecular dynamics
simulations.

Urea Analogues Transport Mediated by Urea Transporters

The mechanism of small solute transport in erythrocytes has been a subject of long-
standing interest [1, 39, 40]. It was previously reported that human erythrocytes are
highly permeable to small non-electrolytes such as formamide and acetamide,
implying the presence of a hydrophilic pathway(s) [1, 41]. The UT-B knockout
mouse model makes it possible to determine transport rates of urea analogues [14].
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Formamide, acetamide, and urea permeabilities were inhibited >80% by UT-B dele-
tion or 0.7 mM phloretin in wild-type erythrocytes. These solutes showed identical
permeabilities in UT-B-null and wild-type erythrocytes, both in the absence and
presence of phloretin. UT-B-attributable P, (solute permeability) for urea, for-
mamide, acetamide, methylurea, methylformamide, ammonium carbamate, and
acrylamide ranged from 0.5 to 3.2 x 10~° cm/s. UT-B had a lower permeability to
glycolamide, hydroxyurea, and carbohydrazide (P, of 0.6—1.5 x 10~¢ cm/s). Phloretin
treatment did not reduce butyramide or isobutyramide permeabilities in either wild-
type or UT-B-null erythrocytes (P, of 9 x 10~ cm/s and 6 x 1076 cm/s, respectively),
demonstrating that UT-B does not transport butyramide or isobutyramide. In con-
trast, UT-B conferred >70% of total erythrocyte urea, formamide, acetamide, meth-
ylurea, hydroxyurea, and ammonium carbamate transport (Fig. 5.7).

Measurements of solute permeabilities across UT-B-null erythrocytes showed
that urea, methylurea, dimethylurea, hydroxyurea, and thiourea permeabilities were
low (<8 x 1077 cm/s) at temperatures between 10 °C and 37 °C, and weakly tem-
perature dependent, which suggests that UT-B is the specific transporter for these
solutes. In contrast, formamide, acetamide, acrylamide, and butyramide permeabili-
ties were strongly temperature dependent, ninefold, 11-fold, sevenfold, and seven-
fold higher, respectively, at 37 °C compared to 10 °C. Transport of the amides
formamide, acetamide, methylformamide, acrylamide, butyramide, and isobutyr-
amide was strongly temperature dependent, indicative of diffusion across the eryth-
rocyte lipid bilayer.

UT-B-mediated transport requires at least one primary amide, i.e. carbonylfunc-
tion, attached to a primary unsubstituted amino group. Indeed, UT-B mediates effi-
cient transport of formamide, acetamide, carbamate, and acrylamide, all of which
contain primary amide functions. N-methylated amides are poorly transported by
UT-B, as evidenced by the relative threefold and 15-fold lower transmembrane flux
of methylurea and dimethylurea, respectively. Methylation decreases amide
hydrogen-bond capacity and increases lipophilicity and molecular size. Compounds
lacking amide functionalities altogether, such as glycine and acetic acid, are not
transported by UT-B.

Acetamide and urea have similar molecular sizes, with both also possessing an
oxygen to accept hydrogen bonding. Replacement of this oxygen by sulphur, as in
thioacetamide and thiourea, results in reduced UT-B-facilitated transport. This
could be attributed to loss of hydrogen-bonding capacity of sulphur versus oxygen.
In addition, molecular volumes and polar surface are as large or greater as in
sulphur-containing compounds compared to their oxygen-containing counterparts.
Similarly, guanidine, which has comparable physicochemical properties as urea,
was not transported by UT-B, as it replaces urea carbonyl byimine function
(C=N — H). More lipophilic, less polar analogues such as butyramide, isobutyr-
amide, and acetone tend to rely upon membrane diffusion rather than UT-B facili-
tated transport. In hydrophilic transport pathways, hydrogen-bond formation is one
of the essential processes conferring transport specificity.

Urea is a highly polar molecule with significant hydrogen-bonding capacity, and
it seems likely that UT-B-facilitated transport relies on hydrogen bonding. UT-B
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Fig. 5.7 Erythrocyte solute permeability. (a) Representative curves for the time course of scat-
tered light intensity at 10 °C in response to a 250 mM inwardly directed gradient of urea analogues.
(b) Averaged solute permeability coefficients (P,) for experiments done as in panel A. (¢) UT-B
mediated P; calculated from P14 versus P,UTB (top) and percentage of UT-B mediated P, in
total P in erythrocytes (bottom) [14]
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prefers to transport neutral, more hydrophilic, urea and primary amides that have
more H-bonding capacity and selectively retard transport of lipophilic molecules.
Large analogues with less hydrogen-bonding capacity tend to have less permeabil-
ity. This suggests that UT-B provides a unique type of narrow hydrophilic pathway
for transport of urea and that transport specificity/selectivity may largely be gov-
erned by H-bonding capacity, size, and the hydrophilic nature of solute. Since urea
analogues such as thiourea and acetamide are similar to urea in structure, they were
suggested to inhibit urea transport by interacting competitively at transport sites
[11,42].

The transport characteristics of UT-A proteins towards urea analogs have been
investigated in limited depth. Only one study has been documented in the literature,
which reports that purified Xenopus laevis oocyte plasma membrane vesicles
expressing mUT-A2 or mUT-A3 exhibit no statistically significant differences in the
transport rates of formamide, acetamide, methylurea, or dimethylurea compared to
control vesicles. These findings suggest that UT-As demonstrate a high specificity
for urea, excluding molecules of similar size and structural resemblance (such as
formamide). However, further research is warranted to comprehensively understand
these observations [22].

Although structural biology studies on the transport of urea analogs by UT pro-
teins are currently lacking, existing research shows that the transport mechanisms of
urea and water are highly conserved within the UT family [23, 24, 27, 28, 31].
These processes rely on the hydrogen bond network and critical polar residues
within the channel, particularly threonine residues, to achieve rapid and efficient
transport. Furthermore, both urea and water molecules undergo dipole reorientation
as they pass through the channel, a phenomenon closely associated with hydrogen
bond exchange. This evidence suggests that UT proteins may follow similar molec-
ular mechanisms for transporting urea analogs as they do for urea and water.
Therefore, different members of the UT family may possess similar capacities for
transporting urea analogs. However, no transport ability for urea analogs has been
observed in mUT-A2 and mUT-A3, which may be related to factors such as insuf-
ficient expression levels. Further research is needed to determine whether UT-A can
transport urea analogs, including molecular dynamics simulations and experimental
validations.

Ammonia Transport Mediated by Urea Transporters

Geyer et al. explored the NH; permeability of human UT-B expressed in Xenopus
oocytes [30]. They monitored gas permeability using microelectrodes to record the
maximum transient change in surface pH (ApHS) caused by exposing oocytes to
5% CO,/33 mM HCO;~ (pHS increase) or 0.5 mM NH;/NH,* (pHS decrease). UT-B
expression had no effect on the CO,-induced ApHS but doubled the NH;-induced
ApHS. Phloretin reduced UT-B-dependent (—ApHS*) NH; by 70%. p-Chloromerc
uribenzenesulphonate (pCMBS) reduced (ApHS*) NH; by 100%. Molecular
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dynamics (MD) simulations of membrane-embedded models of UT-B identified the
monomeric UT-B pores as the main conduction pathway for NH;. These data sug-
gest that UT-B has significant NH; permeability.

However, a subsequent study showed that UT-B seems not to be involved in NH;
transport in human erythrocytes, although the erythrocyte variants used in the same
study gave evidence of water permeation through UT-B [31]. These authors think
that the measurement of ammonia transport across UT-B might be limited by the
high erythrocyte lipid ammonia diffusion and/or by the weak NH; unit permeability
of UT-B.

Maciver et al. divided Xenopus laevis oocyte plasma membrane vesicles express-
ing either mUT-A2 or mUT-A3 into two groups: one for measuring ammonia per-
meability and the other for urea permeability. Their study revealed that both UT-A
isoforms facilitated urea transport but did not demonstrate permeability to ammo-
nia. These findings suggest that further in-depth research is necessary to determine
their permeability characteristics towards ammonia.

UT-B-Mediated Urea Transport in Different Species

Urea permeability was measured in erythrocytes from 11 mammals using the
stopped flow technique. The results show that P, of erythrocytes differs greatly
among species. Erythrocytes from dog exhibited the highest P, (5.3 x 10~° cm/s),
followed by that from fox (3.8 x 10~ cm/s) > mouse (3.3 x 10~ cm/s) > cat
(2.8 x 1075 cm/s) > rat (2.5 x 107° cm/s) > rabbit (2.4 x 10~° cm/s) > pig
(1.5 x 10~° cm/s) > human (1.1 x 107 cm/s) > sheep (1.0 x 107> cm/s) > cow
(0.8 x 107° cm/s) > donkey (0.7 x 1075 cm/s). The range of variation of P, among
species spans more than a 7.5-fold difference between the donkey and the dog.
Purea was significantly inhibited by 0.7 mM phloretin in all species indicating that
urea transport through the erythrocyte membrane is mediated by selective urea
transporter proteins.

Osmotic water permeability was measured in erythrocytes from the same 11
mammals. The lowest value was observed in the human (in x 1073 cm/s, 2.9 + 0.4)
and the highest value in the rabbit (5.2 + 0.3), only 1.8-fold higher than that in
human. Water permeability in erythrocytes is thus relatively similar in all spe-
cies tested.

Cell membrane urea permeability resulting from simple diffusion across the lipid
bilayer is strongly temperature dependent, contrary to that occurring through facili-
tated transporters. Comparing P,., observed at different temperatures (10, 22, and
27 °C) thus provides information about how much urea transport occurs by simple
diffusion. In cat, fox, dog, rat, and mouse, P,., was high at all three temperatures,
and only weakly temperature dependent. In contrast, there was a stronger influence
of temperature on P,., in cow, donkey, sheep, human, pig, and rabbit. The high
activation energy (E,) of urea transport in herbivores and omnivores suggests that
most of the urea transported through the erythrocyte membrane moves through the
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lipid bilayer by simple diffusion, with only a moderate amount of urea transported
through UT-B. In contrast, in three carnivores and two rodents, only a small fraction
of the total urea transport occurs by simple diffusion, and the majority occurs
through UT-B. A very significant inverse relationship was observed between E, and
Pyreo- Only the rabbit departs somewhat from the general trend. It exhibits the same
P,... as that of the rat and mouse while its E, is similar to that of the other herbivores.
The urea flux through UT-B in the rabbit is probably much smaller than the UT-B-
mediated urea flux in rat and mouse.

The urea and water permeabilities were also measured in erythrocytes from 5
species of birds. In goose, duck, pigeon, and quail, P,., ranged from 0.04 to
0.07 x 1075 cm/s, i.e. 10 ~ 20-fold lower than in mammals. In chicken, the value of
P« Was not available due to the P; (0.05 x 10~ cm/s) being too low to measure urea
flux-driven volume change in erythrocytes with the stopped flow technique. In
goose, duck, pigeon, and quail, erythrocytes showed an osmotic water permeability
that was modestly higher than that observed in mammals (6.1 ~ 7.3 x 1073 cm/s).

The urea permeability of erythrocytes in mammals is obviously related to their
ability to concentrate urea. The high P, allows fast equilibration of urea in eryth-
rocytes during their transit in the renal medulla, where the urea concentration may
reach values 50 ~ 200-fold higher than in peripheral blood. Because of their high
(AQP1-dependent) water permeability, erythrocytes would undergo severe shrink-
age when exposed to the high urea concentration of the inner medulla, if their mem-
brane was not also highly permeable to urea. They would shrink during their transit
in the hyperosmotic medulla and subsequently swell on leaving the medulla if they
did not possess a high urea permeability [33]. Birds, which concentrate urine to
some extent (up to 2.5 times more than plasma in the quail) but excrete their nitro-
gen wastes as uric acid rather than as urea, do not exhibit facilitated urea transport
in their erythrocytes and show a very low P, as already described in the literature
[33, 43], and as shown in five different birds [44].
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Chapter 6 )
Physiological Functions of Urea S
Transporters

Zhiwei Qiu, Tao Jiang, Guangying Shao, and Baoxue Yang

Abstract Urea transporters (UTs) are a group of membrane channel proteins that
specifically facilitate the permeation of urea, which play an essential role in urea
reabsorption and water conservation. There are 4 isoforms, UT-A1, UT-A2, UT-A3,
UT-B, that are expressed in the kidney to maintain the urea recycle and establish the
urea concentration gradient in the medulla, which is essential for the urinary con-
centration capacity of the kidney. Outside the kidney, widely distributed UT-B and
some UT-A isoforms directly participate in regulating signaling transduction and
determining cell fate by regulating osmotic pressure, arginine metabolism, and pro-
tein carbamylation in various systems. In recent years, studies on different UT
knockout mouse models revealed multiple physiological roles of UTs. This chapter
summarizes the physiological functions of UTs, including the blood system, urinary
system, nervous system, circulatory system, digestive system, auditory system,
visual system, reproductive system, and skeletal system.

Keywords Urine concentration - Urea transporter - Osmotic pressure - Arginine
metabolism - Protein carbamylation
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Introduction

Urea transporters (UTs) are a class of transmembrane proteins specifically perme-
able to urea, playing a pivotal role in the transport of urea across cellular membranes
[1]. UTs are categorized into two subfamilies: UT-A and UT-B. The UT-A subfam-
ily includes 6 members (UT-A1 to UT-A6), primarily expressed in the kidney, testis
and colon (Fig. 6.1) [1, 2]. While the UT-B subfamily consists solely of UT-B [3, 4],
which is expressed in various tissues, such as erythrocyte, kidney, brain, heart,
intestine, bladder, testis, bone marrow, vascular endothelium, etc. (Fig. 6.1) [1, 2, 4].

UTs play physiological roles in the organs that are related to urea metabolism
[4]. By mediating rapid urea transport across membranes driven by concentration
gradients, they facilitate efficient urine concentration in the kidney [4]. Furthermore,
UT-B is also involved in multiple physiological functions, such as the regulation of
bladder homeostasis, sperm development, and maintenance of cardiac electrophysi-
ological activity [4—19].
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Physiological Function of UTs in the Kidney

Both human and mouse kidneys express UT-A1, UT-A2, UT-A3, and UT-B, which
localize to certain parts in the kidney (Fig. 6.2) [4, 20-23]. Over past 30 years, stud-
ies on UT knockout mouse models have provided crucial insights into the physio-
logical functions of UT in the urine concentrating mechanism and intrarenal urea
recycling [24].

Role of UT-B in the Urine Concentrating Mechanism

UT-B is predominantly expressed on the endothelial cells of the descending vasa
recta in the kidney [1, 4, 19, 25]. UT-B facilitates urea transport from the vascular
lumen to the interstitial fluid depending on the urea concentration gradient differ-
ence trans-endothelia, which in turn enhances the urea concentration gradient in the
medullary tissue [4, 19]. In 2002, Yang et al. generated the UT-B knockout mouse
model [26]. Daily urine output was 1.5-fold greater and urine osmolarity was lower
in UT-B knockout mice than wildtype mice (Table 6.1) [26]. Urine urea concentra-
tion was 35% lower in UT-B knockout mice than in wildtype mice (Table 6.1) [26].
It was also found that there was a disproportionate reduction in the concentration of
urea compared with salt in homogenized renal inner medullas of UT-B knockout
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mice, defining a novel “urea selective” urinary concentrating defect in UT-B knock-
out mice [26]. These data directly reflect the pivotal role of UT-B in maintaining the
high urea concentration gradient and osmolarity gradient in the renal inner
medulla [26].

The role of UT-B in the urine concentrating mechanism was also studied in nor-
mal conditions and after acute or chronic alterations in urea excretion (acute urea
loading or variations in protein intake, respectively) with the UT-B knockout mouse
model [26]. Acute urea loading induced a progressive increase in urinary urea con-
centrating ability in wildtype mice and a subsequent improvement in their urine
concentrating ability in contrast to UT-B knockout mice, in which urinary osmolal-
ity and urine urea concentration did not rise, due to the failure to accumulate urea in
the medulla [26]. With increasing protein intake (from 10% to 40% protein in the
diet, leading to a five-fold increase in urea excretion), UT-B knockout mice were not
able to increase urea in urine as did wildtype mice [26]. These data suggest that
UT-B in renal medullary vessels plays an important role in urine concentrating abil-
ity and in renal urea handling during high-protein intake.

To deeply understand the physiological role of UT-B in urine concentration, par-
ticularly its synergy with UT-A2, Lei et al. established a UT-A2 and UT-B double
knockout mouse model (UT-A2/B knockout) and conducted a series of physiologi-
cal and molecular biological analyses [27]. Although UT-A2/B knockout mice also
had higher urine volumes than wildtype mice, their urine output were less than those
of UT-B knockout mice, and their urine osmolality fell between those of UT-B
knockout and wildtype mice (Table 6.1) [27]. Further studies revealed that after
18 h of water deprivation, urine osmolarities in wildtype, UT-B knockout, and
UT-A2/B knockout mice all increased significantly, but UT-B knockout mice main-
tained the lowest urine osmolarity, while UT-A2/B double knockout mice exhibited
intermediate levels [27]. The experiment of acute urea loading or chronic changes
in protein intake also detected an intermediate urinary concentration capacity in
UT-A2/B knockout mice.

The experimental data from both UT-B knockout mice and UT-A2/B knockout
mice indicate that UT-B plays a more important role than UT-A2 in maintaining the

Table 6.1 Parameters of urine concentrating ability of mice with different UT genotypes

Urine Urinary Urinary
output osmolality urea Urinary non-urea Medulla osmolality
Genotype | (mL/day) | (mOsm/L) (mmol/L) | solutes (mmol/L) (mOsm/L)
Wildtype | 1.5 2288 1472 816 340
UT-B7~ 24 1318 797 521 171
UTB/A27- | 1.8 1775 1205 570 302
UT-A27- | 1.5 2052 No data No data No data
UFAI/A3™ | 5.0 861 799 62 86
UT-A17~ |Nodata |No data No data No data No data
UT-A37~ | 1.8 2246 1286 960 No data

All-UT- | 6.4 941 797 144 77
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hyperosmotic state of the inner medulla and in the urine concentrating mechanism.
While the presence of UT-A2 can partially compensate for UT-B deficiency [27].
These results revealed the synergistic action of UT-A2 and UT-B in urine concentra-
tion [27, 28].

Moreover, UT-B not only specifically permeates urea but also exhibits a degree
of water permeability [29, 30]. This dual transport function endows UT-B with a
crucial role in both urea and water metabolism in the kidney. By facilitating the
transport of urea from the vascular lumen to the interstitial fluid, UT-B indirectly
promotes water reabsorption, contributing to urine concentration [29, 30].
Simultaneously, the water permeability of UT-B enables it to directly participate in
the regulation of renal water transport [29, 30].

Role of UT-As in the Urine Concentrating Mechanism

UT-Al is a vasopressin regulated urea transporter and expressed in the apical plasma
membrane of principal cells at the end part of inner medullary collecting ducts
(IMCD) [21]. Single UT-A1 knock mice are a good model to study the function of
UT-A1l. However, since UT-A1 and UT-A3 are expressed at the same location, share
the same promoter and the same sequence of the first nine exons in Slc/4a2, it is
difficult to knockout UT-A1 without affecting UT-A3 [21, 31]. In 2004, the Knepper
group generated a UT-A1 and UT-A3 double (UT-A1/A3) knockout mouse model.
UT-A1/A3 knockout mice exhibited a severe urine-concentrating deficiency and
urea-selective diuresis (Table 6.1) [32]. However, this model did not clearly distin-
guish the functionality of UT-A1 and UT-A3 in the kidney.

Basing on a unique sequence at the 3'-coding regions of UT-A3 that was located
in the intron of UT-A1 [33], the Yang group creatively designed an ingenious point
synonymous mutation of the consensus splice site of UT-A1 mRNA to disrupt the
gene transcription process without any influence on the expression of UT-A3, and
successfully generated an UT-A1 knockout mouse model [21]. These mice exhib-
ited a marked increase in daily urine output, approximately 3 times that of wildtype
mice, accompanied by a significant decrease in urine osmolality [21]. Even under
the conditions such as 24 h water restriction, acute urea loading, or high-protein
diet, UT-A1 knockout mice failed to effectively enhance urine concentration, con-
firming the key role of UT-A1 in urea concentration in inner medulla and urine
concentrating mechanism [21]

UT-A2 is expressed in the lower half of the thin descending limb of Henle’s
loops (TDL) in short-looped nephrons, and in the initial inner medullary segments
of the TDL in long-looped nephrons. Unlike UT-A1, UT-A2 does not share a pro-
moter with any of the other UT-A isoforms [34]. Consequently, construction of
UT-A2 knockout mice is relatively simple. As early as 2005, Uchida et al. accom-
plished this work by deleting the promoter of UT-A2 [34]. However, UT-A2 knock-
out mice did not display overt physiological abnormalities under basal conditions,
with normal urine concentrating ability (Table 6.1) [34]. When subjected to a
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low-protein diet, UT-A2 knockout mice exhibited slightly deficient urine concentra-
tion ability, but their urine volume and osmolality remained comparable to those of
wildtype mice under normal and high-protein diets [34]. These data suggest that
UT-A2 contributes relatively little to maintaining urine concentrating ability under
basal conditions but may play a role under specific conditions, such as a low-
protein diet.

UT-A3 is expressed in the basal plasma membrane of principal cells, which
express UT-A1 in apical plasma membrane, at the end part of inner medullary col-
lecting ducts. Due to the particularity of the slc/4a2 gene structure, it is impossible
to directly create UT-A3 knockout mice by gene targeting or editing. In 2016, the
Sands group successfully restored UT-A1 expression in UT-A1/A3 knockout mouse,
equivalently creating a UT-A3 deficient mouse model [35]. UT-A3 deficient mice
displayed urine volume and osmolality levels close to those of wildtype mice, sig-
nificantly outperforming UT-A1/A3 double knockout mice (Table 6.1) [35]. This
finding indicates that within the UT-A family, UT-A1 plays a more crucial role in
maintaining the urea concentration gradient and urine-concentrating function in the
renal inner medulla. Nevertheless, UT-A3 also participates to some extent in this
process, and its absence leads to a moderate decline in urine-concentrating ability.

In 2017, the Yang group generated an all-UT knockout mouse model [24], in
which there is not any UT expression. All-UT knockout mice exhibited no signifi-
cant phenotype in growth, development, or overt behavior compared to wildtype
mice, indicating that the absence of UT-A and UT-B does not directly affect their
basic life activities [24]. However, these mice displayed prominent polyuria, with
daily urine output approximately 3.5 times that of wildtype mice, accompanied by
a significantly decreased urine osmolality (Table 6.1) [24]. Following water depri-
vation, wildtype mice were capable of markedly elevating their urine osmolality to
cope with water restriction, whereas the increase in urine osmolality was signifi-
cantly defective in all-UT knockout mice, further reinforcing the central role of UT
in urine concentration mechanisms [24]. All-UT knockout mice were not able to
increase urinary urea concentration and osmolality after acute urea loading or high
protein intake either. No significant histological abnormalities were observed in the
renal cortex and outer medulla of all-UT knockout mice, but their inner medulla
exhibited dilation of the collecting ducts, significantly lower urea concentration and
osmolarity compared to wildtype mice and other single UT knockout mice. These
data directly underscored the importance of UTs in regulating urine concentrating
ability.

All-UT knockout mice showed greater urine output than other UT knockout
mice. The reason is that less urea was reabsorbed at the end of IMCD (by UT-Al
and UT-A3), less urea was returned to the IM by DVR (by UT-B), and more urea
was taken up by AVR into circulation, which led to a lower urea concentration in the
IM of all-UT knockout mice than in wildtype mice. However, the experimental
results from different UT knockout mice showed that UT-A1 played the most domi-
nant role in urine concentrating mechanism. All data from different UT knockout
mouse models and mathematical simulations suggest that UT-A1 is a good diuretic
target and that UT-A1 inhibitors might be developed into a novel class of diuretics
[1, 36-38].
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UT Mediated Intrarenal Urea Recycling

Recycling of urea within the renal medulla is known to play an important role in the
capacity of the kidney to concentrate urine. This recycling occurs simultaneously
through a tubular and a vascular route (i.e., through the loops of Henle and vasa
recta, respectively). Intrarenal urea recycling represents a crucial mechanism for
maintaining the hyperosmotic environment in the renal inner medulla and facilitat-
ing urine concentrating ability [25]. Drawing upon the findings from studies on UT
knockout mouse models, researchers have elucidated the regulatory role of UT in
the renal urea recycling (Fig. 6.3) [21, 24, 25, 27, 29, 30, 32, 34, 35, 39].

When urine flows through the collecting ducts, water is efficiently reabsorbed via
aquaporins, driven by the osmotic pressure gradient across the ducts, a process that
gradually elevates the urea concentration within the lumen [40]. Subsequently, at
the terminal end of the collecting ducts, high concentrations of urea are efficiently
transported into the interstitium via UT-A1 and UT-A3, promoting the accumula-
tion of urea in the apical region of the inner medulla [23, 41-44]. This high concen-
tration urea, under the influence of concentration gradients, permeates into the
ascending limbs of the vasa recta through microporous structures [45—48].
Subsequently, urea undergoes countercurrent exchange within the vasa recta sys-
tem, facilitated by UT-B, being transported from the ascending limbs to the descend-
ing limbs and recirculated back to the inner medulla region via the bloodstream
[45—48], which forms intrarenal urea recycling.

The intrarenal urea recycling maintains the urea concentration gradient within
the renal inner medullary tissue, constituting the core physiological mechanism of
the urine concentrating mechanism [25]. Additionally, UT-A2 plays a pivotal role in
the thin descending limb of the loop of Henle, delicately modulating the balance of
urea concentrations between the lumen and interstitium in response to changes in
their respective concentrations [28, 33, 34, 49, 50]. Therefore, the urea concentra-
tion gradient and osmotic pressure gradient in the renal inner medullary tissue are
intricately dependent on the complex urea cycling processes mediated by var-
ious UTs.

Physiological Functions of UTs in Extrarenal Tissues

Blood System

UT-B is highly expressed in the plasma membrane of erythrocytes, primarily
responsible for the transmembrane transport of urea and exhibiting some water
channel functions [6, 51]. In recent years, with the intensification of research on
UT-B, its crucial role in the blood system has gradually been uncovered (Fig. 6.5).

The primary function of UT-B in erythrocytes is to transport urea, which is vital
for maintaining the balance of urea concentrations inside and outside the cells [7,
11, 17, 52]. Given the strong dipole moment of urea, it does not directly traverse
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Fig. 6.3 Intrarenal urea cycle of mice with different UT genotypes. (a) Diagrams of intrarenal
urea cycle of wildtype (WT) mice. (b) Diagrams of intrarenal urea cycle of UT-B knockout mice.
(c) Diagrams of intrarenal urea cycle of UT-B/A2 double knockout mice. (d) Diagrams of intrare-
nal urea cycle of UT-A2 knockout mice. (e) Diagrams of intrarenal urea cycle of UT-A1/A3 dou-
ble knockout mice. (f) Diagrams of intrarenal urea cycle of UT-A1 knockout mice. (g) Diagrams
of intrarenal urea cycle of UT-A3 knockout mice. (h) Diagrams of intrarenal urea cycle of all-UT
knockout mice
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non-polar lipid membranes, necessitating UT-B for its transmembrane transport
[17]. The urea transport capacity of UT-B in erythrocytes safeguards the cells from
osmotic pressure changes by maintaining the osmotic balance between the intracel-
lular and extracellular environments [11, 17, 52]. In high-urea regions, such as the
renal inner medulla, UT-B collaborates with AQP1 to regulate the balance of water
and urea transport across erythrocyte membranes, preventing damage from high
urea concentrations [11, 17, 52]. Additionally, the rapid urea transport mediated by
UT-B facilitates the establishment of a urea concentration gradient between eryth-
rocytes and their surroundings, enhancing effective urea excretion in the body [11,
17, 52].

UT-B also plays a pivotal role in regulating blood rheology [7]. Knockout or
inhibition of UT-B improved erythrocyte deformability, reduced osmotic fragility,
and affected hematological parameters such as whole blood viscosity [7]. These
changes suggest that UT-B may modulate erythrocyte membrane permeability and
stability, influencing their fluidity and function within the circulation. Consequently,
UT-B might be developed as a potential therapeutic target for improving blood rhe-
ology in certain metabolic and genetic disorders.

Notably, UT-B is identical to the Jk antigen in the Kidd blood group system [12,
53-56]. Kidd blood group incompatibility can lead to severe neonatal hemolytic
transfusion reactions, underscoring its significance in transfusion safety [12, 53-56].
The JK-null phenotype arises from mutations in UT-B splicing sites, resulting in the
absence of functional UT-B protein [12, 53-56]. While UT-B deficiency does not
cause severe pathological phenotypes in humans, it may threaten transfusion safety
in certain ethnic groups or under specific conditions, such as increased erythrocyte
sensitivity to urea-induced hemolysis [12, 53-56]. Thus, screening and identifying
Kidd blood group antigens before transfusion is of utmost importance.

Circulation System

The expression of UT-B in the heart is crucial for maintaining normal cardiac elec-
trophysiological activities. Studies have demonstrated that UT-B knockout mice
exhibited significantly prolonged ECG P-R intervals, with elderly UT-B knockout
mice even presenting with grade II-III atrioventricular block [4, 16]. These phenom-
ena suggest that the absence of UT-B may impair the cardiac conduction system,
leading to delayed or obstructed electrical signal propagation (Fig. 6.5).

Further proteomic analysis has shed light on the effects of UT-B deficiency on
the cardiac proteome. Multiple proteins related to cardiac function, cellular energy
metabolism, ion channel function, and oxidative stress exhibit abnormal expression
patterns in the hearts of UT-B knockout mice [17, 57]. Notably, atrial natriuretic
peptide, a vital cardiac hormone involved in regulating blood pressure, cardiac func-
tion, and responding to cardiovascular diseases such as cardiac hypertrophy, showed
a marked elevation [2, 4, 57]. These changes may reflect the adaptive response of
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heart to stress load following UT-B deficiency and potentially portend structural and
functional alterations in the heart.

Moreover, UT-B knockout mice were prone to cardiac oxidative stress and myo-
cardial hypertrophy, accompanied by elevated urea concentrations and aberrant
glucose-lipid metabolism in cardiomyocytes [58]. These observations indicated that
UT-B played a pivotal role in maintaining cardiomyocyte energy metabolism and
redox balance. UT-B deficiency may lead to urea accumulation within cardiomyo-
cytes, disrupting the arginine-nitric oxide (NO) pathway, affecting NO production
and vasodilation [58, 59]. Concurrently, urea accumulation may foster the genera-
tion of reactive oxygen species (ROS), exacerbating oxidative stress and further
compromising cardiomyocyte structure and function [58].

In addition, although direct studies on the function of UT-B in vessels are rela-
tively scarce, existing evidence suggested that UT-B may indirectly regulate vascu-
lar function by influencing urea transport and metabolism [59]. Changes in urea
concentrations associated with UT-B can modulate the arginine-NOS-NO pathway,
thereby regulating the contraction and relaxation of vascular smooth muscle
cells [59].

Digestive System

UT-B is expressed in the human small intestine, colon, and colonic crypts, playing
a pivotal role in maintaining intestinal health and microbial balance (Fig. 6.5)
[60-63]. It was reported that the regulation of UT-B on gut microbiota may be
linked to its modulation of the intestinal urea nitrogen salvage (UNS) process [64].
During UNS, urea is broken down by intestinal bacterial ureases, releasing ammo-
nia and carbon dioxide [64, 65]. The resulting ammonia is then utilized by bacteria
to synthesize amino acids and peptides, which are absorbed through intestinal epi-
thelial transport systems, contributing to nutrition and fostering a healthy microbial
balance [64, 65]. By facilitating UNS, UT-B indirectly influenced the metabolic
activities and ecological equilibrium of the gut microbiota [64, 65]. As alterations in
gut microbiota are implicated in the development of various diseases, such as diabe-
tes, inflammatory bowel diseases, and obesity, the regulation of UT-B on gut micro-
biota may exert an influence on these conditions.

Furthermore, the promotion of UT-B on UNS in the gut reduced urea accumula-
tion and lower intestinal ammonia concentrations, mitigating the toxic effects of
ammonia on intestinal mucosa [64]. Additionally, UT-B may regulate the transport
functions of intestinal epithelial cells, impacting nutrient absorption and metabolite
excretion, further safeguarding intestinal health [4].

Although UT-AG6 has been shown to be expressed along the human gastrointesti-
nal tract and Caco-2 cell line [66, 67], its specific physiological function has not
been clarified. The current evidence only shows that hyperosmotic stimulation sig-
nificantly up-regulated UT-A6 expression in Caco-2 cells, and this process was
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regulated by protein kinase C and calcium [66], suggesting that UT-A6 may play a
role in intestinal adaptation to a hypertonic environment. More work is needed in
the future to uncover the physiological function of UT-A6 in the gut.

Urinary System

Current research evidence indicates that UT-B is highly expressed in bladder epithe-
lial cells [4, 5, 19]. The concentration of urea is high in bladder urine, suggesting
that the overexpression of UT-B may be closely related to its role in maintaining
bladder epithelial cell homeostasis and preventing urea toxicity (Fig. 6.5).

Studies utilizing UT-B knockout mouse models have revealed a significant
impact on bladder epithelial structure and function following UT-B deficiency [18].
While optical microscopy failed to discern notable differences in bladder tissue
architecture between UT-B knockout mice and wildtype mice, transmission electron
microscopy revealed abnormalities such as increased myelination, mitochondrial
swelling, and lysosome formation in bladder epithelial cells of UT-B knockout
mice, indicating compromised cellular function [18]. Further investigation demon-
strated early apoptosis in the bladder epithelium of UT-B knockout mice, mani-
fested by increased cytoplasmic density, nuclear chromatin condensation, and
elevated TUNEL-positive cell counts [4, 18].

The bladder epithelial apoptosis caused by UT-B knockout is multifaceted.
Firstly, the absence of UT-B significantly elevated urea concentration within blad-
der epithelial cells [18]. High urea levels disrupt protein hydrophobic regions or
carbamylate proteins, altering their bioactivity and thereby inducing apoptosis [18].
Secondly, UT-B knockout altered the expression of genes associated with apoptosis
and DNA damage in bladder epithelia, with upregulation of genes like Dcafl 1,
MCM?2-4, and downregulation of Uch-L1, Bnip3 [18]. These changes further pro-
moted cellular apoptosis and DNA damage. Additionally, UT-B deficiency dis-
rupted arginine metabolism, leading to reduced polyamine production and increased
NO levels, with excessive NO exacerbating DNA damage and apoptosis [18]. This
cascade of pathological changes triggered by UT-B knockout not only affected nor-
mal bladder function but also elevated the risk of bladder cancer [18].

Nervous System

UT-B is broadly expressed in the central nervous system (CNS) of mice, encom-
passing crucial brain regions such as the olfactory bulb, cortex, caudate nucleus,
hippocampus, and hypothalamus [4, 13]. Additionally, UT-B is present in astro-
cytes, co-localizing with the astrocyte marker GFAP in brain slices, suggesting its
vital physiological functions within the glial network of the CNS [4, 13]. Recent
advancements in the study of UT-B functions in the CNS have gradually unveiled its
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roles in maintaining urea concentrations, modulating neurotransmitter levels, influ-
encing cerebral blood flow (CBF), and participating in cerebrospinal fluid (CSF)
sodium and water homeostasis (Fig. 6.5) [4, 68, 69].

By facilitating urea transport, UT-B plays a pivotal role in maintaining urea con-
centrations within the brain [4]. Although the urea cycle in the CNS is incomplete,
UT-B regulates urea distribution and balance [4]. UT-B deficiency led to increased
urea content in the cerebral cortex and hypothalamus of mice, potentially impacting
neuronal function [13]. This alteration in urea concentration is closely tied to the
role of UT-B in preserving the microenvironmental stability of the brain [13].

UT-B was intricately linked to NO levels and CBF [68]. UT-B deficiency reduced
NO content in the mouse hippocampus while enhancing neuronal nitric oxide syn-
thase (nNOS) expression [70, 71]. This decrease in NO levels may stem from urea
competitively inhibiting L-arginine transport into endothelial cells via UT-B [4, 17].
As NO functions as a crucial neurotransmitter and vasodilator, regulating CBF and
neuronal function, UT-B deficiency-induced NO reduction could further decrease
CBEF, elevating the risk of neuronal degeneration and damage [4, 68].

Furthermore, UT-B may be vital for sodium and water balance in the CSF [4,
69]. Long-term high-salt diets significantly elevated Na* concentrations in the CSF
of salt-sensitive rats and markedly reduced UT-B expression in choroid plexus epi-
thelial cells [69]. This finding indicates the importance of UT-B in regulating Na*
concentration and maintaining water balance in CSF. High-salt diets may down-
regulate UT-B expression by increasing arginine vasopressin levels, thereby affect-
ing urea and Na* transport and distribution in CSF. This regulatory mechanism is
crucial for maintaining CNS homeostasis.

Notably, UT-B-deficient mice exhibited depressive-like behaviors from an early
age [13]. This behavioral change may result from the combined effects of increased
urea concentrations, decreased NO levels, and reduced CBF caused by UT-B defi-
ciency [13]. These alterations could ultimately lead to depressive-like behaviors in
mice by influencing neuronal excitability and synaptic plasticity [13]. This finding
provided new insights into the pathogenesis of neuropsychiatric disorders such as
depression.

Auditory System

UT-B is expressed in pillar cells, hair cells, and Boettcher cells of both the inner and
outer ear, where these cells play pivotal roles in ear structure and function (Fig. 6.5)
[72]. For instance, the inner ear is responsible for sound conduction and balance
maintenance, while the outer ear participates in sound collection and conduction
[73]. The presence of UT-B in these cells suggests its potential involvement in spe-
cific physiological processes within the ear.

The stability of endolymphatic volume, pressure, and chemical composition is
crucial for electromechanical sound transduction within the ear [4]. As a diagnostic
marker for endolymphatic hydrops, content and transport of urea are vital for
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maintaining endolymphatic homeostasis [4]. The expression of UT-B in the sup-
porting cell system of the inner ear, such as Boettcher cells interfacing with endo-
lymph, the reticular layer, and perilymph, could play a pivotal role in urea transport
between endolymph and perilymph [4]. By regulating urea transport between these
two compartments, UT-B contributed to maintaining endolymphatic volume and
pressure, thereby ensuring the normalcy of sound conduction [4].

Visual System

Both UT-Al and UT-B are expressed in the eyes of various species, including
humans, pigs, and mice. UTs are primarily localized in corneal epithelial and endo-
thelial cells, conjunctival epithelial cells, the terminal ends and excretory ducts of
lacrimal glands, meibomian glands, as well as Moll and Zeis glands [74, 75].
Interestingly, the similar pattern of UT expression across different species sug-
gested a conserved physiological role of urea transporter in the eye [74, 75].
Research has demonstrated that UTs not only participate in the transport of urea in
tears, aqueous humor, and vitreous humor but also significantly impact the mainte-
nance of tear film homeostasis and ocular surface health (Fig. 6.5) [74-76].

The concentration of urea in tears is crucial for preserving tear film stability and
ocular surface health [74]. Notably, a significant decrease in urea concentration in
tears from patients with dry eye syndrome (DES) indicated that UTs may be
involved in regulating urea homeostasis in tears [74]. As the primary transporters of
urea, alterations in UT-B and UT-A1 expression in lacrimal glands and ocular sur-
face tissues can affect urea transport and distribution in tears, subsequently influ-
encing tear composition and stability [74]. Thus, abnormal expression of UTs may
be intimately linked to the pathogenesis of DES [74].

In the tear film, urea serves not only as an osmolarity regulator but also contrib-
utes to maintaining the lipid-water interface, playing a vital role in tear film stability
[76]. Through its hydrating properties, urea helps retain moisture in the tear film,
reducing evaporation and protecting the ocular surface from osmotic stress [76].
Furthermore, urea may participate in corneal epithelial repair processes, facilitating
the healing of corneal injuries [76]. In patients with evaporative dry eye, reduced
urea levels in tears may exacerbate tear film instability, affecting ocular surface
health [76]. These facts indicated that UTs expressed in the eye may also play cru-
cial roles in maintaining the stability of tear film.

Reproductive System

The expression of UT-B in the testis exhibits a specific temporal and spatial pattern.
UT-B is primarily localized in the Sertoli cells of seminiferous tubules, particularly
during stages II-III of spermatogenesis [55, 77, 78]. Sertoli cells provide essential
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nutrients and growth factors to developing spermatids while also modulating the
intratesticular microenvironment [79, 80]. The presence of UT-B in Sertoli cells
suggests its potential involvement in regulating urea transport and metabolism
within the testis, thereby influencing spermatogenesis and sperm maturation
(Fig. 6.5).

Urea in the testis primarily arises from arginine metabolism, catalyzed by argi-
nase, yielding urea and ornithine [17]. High concentrations of urea have been
observed in the testis of UT-B knockout mice, particularly in aged animals, indicat-
ing that UT-B may regulate urea transport and metabolism in the testis [9]. Elevated
urea levels may impact the intratesticular microenvironment, though the specific
mechanisms remain to be elucidated.

Notably, UT-B knockout mice exhibited accelerated spermatogenesis and repro-
ductive system maturation compared to wildtype mice [9]. Although UT-B defi-
ciency did not result in macrostructural abnormalities in spermatogenic epithelium
integrity, sperm morphology or distribution, seminiferous tubule and lumen diam-
eters, its potential role in regulating testicular development and spermatogenesis
cannot be overlooked.

Further research has revealed significantly increased expression levels of follicle-
stimulating hormone receptor (FSHR) and androgen-binding protein (ABP) in the
testis of UT-B knockout mice [9]. FSHR, the receptor for follicle-stimulating hor-
mone (FSH), stimulates ABP expression in Sertoli cells, crucial for maintaining
sperm count [81, 82]. ABP, on the other hand, binds androgens, modulating their
bioactivity within the testis. The elevated expression of FSHR and ABP in UT-B
knockout mice may reflect an adaptive response to the high urea environment or
constitute one of the molecular mechanisms underlying accelerated testicular devel-
opment and spermatogenesis following UT-B deficiency [9].

At present, there are few studies on the function of UT-AS in testis. Current evi-
dence only shows that UT-A5 mRNA is distributed in the peritubular myoid cells
forming the outermost layer of the seminiferous tubules in the testis [83]. UT-AS
mRNA levels are coordinated with the stage of testis development and increase
15 days postpartum [83], suggesting that it may be related to development of the
testis. More research is needed to uncover the physiological function of UT-AS5 in
the testis.

Skeletal System

UT-B is expressed in both bone and bone marrow, intimately linked to bone metabo-
lism, osteoporosis, and the formation of bone marrow adipose tissue (Fig. 6.5) [4,
84, 85]. The dynamic equilibrium between adipose and bone tissues within the bone
marrow is significantly influenced by UT-B [4]. Studies demonstrate that during
bone marrow adipogenesis, UT-B expression is downregulated, whereas the expres-
sion of the nuclear hormone receptor peroxisome proliferator-activated receptor y2
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(PPARY2) is upregulated [85]. The downregulation of UT-B potentially fostered the
development of bone marrow adipose tissue, which was further enhanced by the
upregulation of PPARY2 [85].

UT-B expression in osteoblasts may be closely associated with the increased
adipogenesis in bone marrow during osteoporosis [86]. Both osteoblasts and adipo-
cytes derive from bone marrow mesenchymal stem cells (MSCs), and their differen-
tiation is orchestrated by a myriad of signaling molecules [86—-88]. By modulating
urea concentrations, UT-B may indirectly affect the activities of these signaling
molecules, thereby influencing the differentiation fate of MSCs [86]. Furthermore,
metabolites in the urea cycle, such as NO and polyamines, were also implicated in
this process, modulating the biochemical processes of osteoblasts, chondrocytes,
and adipocytes, and consequently influencing the composition and function of bone
marrow [86].

Recent research highlighted that UT-B was not solely involved in bone marrow
adipogenesis but also regulated bone metabolism and inflammatory processes [86].
In bone cells of osteoporosis patients, expression of UT-B was notably decreased,
potentially correlated with high levels of cytokines [86]. The presence of cytokines
suppressed UT-B expression, subsequently impacting the differentiation patterns of
cells in the bone marrow [86]. Moreover, downregulating UT-B expression aug-
mented the expression of inflammatory factors like interleukin-6 and interleukin-1,
exacerbating bone metabolic disorders [86].

In human MSCs and their derivative cell lines, UT-B expression levels correlated
with cellular differentiation status [86]. Undifferentiated MSCs exhibited the high-
est UT-B expression, whereas its expression significantly decreases during osteo-
genic or adipogenic differentiation [86]. This indicates that UT-B might participate
in the early differentiation control of MSCs. UT-B knockdown promoted the expres-
sion of adipogenic markers while inhibiting osteogenic markers, further substantiat-
ing the pivotal role of UT-B in hMSC differentiation [86].

In conclusion, UT-B plays diverse and crucial roles in bone and bone marrow. By
modulating urea concentration and the activities of its metabolic products, UT-B
indirectly impacts the differentiation directions and functional states of cells in the
bone marrow. Consequently, UT-B may be a potential therapeutic target for bone
metabolic disorders such as osteoporosis.

Prospect

In recent years, significant advances have been made in the study of UTs’ structures,
functions, and relationships with diseases, thanks to the rapid development in
molecular biology, cellular biology, and computational simulation techniques.
Current studies suggest that UTs play different physiological functions in different
organs by regulating osmotic pressure, arginine metabolism, or protein carba-
mylation (Fig. 6.4).



120 Z. Qiu et al.

Osmotic
regulation

uT
Urea —_— Urea

B Establishment of osmaotic

pressure gradient
B Osmotic pressure
equilibrium

Protein
carbamylation

Arginine
metabolism

Lysine
UT  (in normal protein)

Urea + Ornithine

uTt

']

Uea — [Arginase
« accumulation e
\P:rgmlne
lNOS
DNA damage t NO

Vasodilation
Oxidative stress

Cyanate

Homocitrulline

|

Protein
...... dysfunction

Fig. 6.4 The mechanism by which urea transporter exerts physiological functions

However, it should be noted that the study of the physiological functions of UTs
in many organs (such as the function of UT-B in the lungs, liver, pancreas, and
spleen, the function of UT-A6 in the colon, and the function of UT-AS in the testis)
were still limited to the observation of phenotypes (Fig. 6.5), and the specific physi-
ological mechanisms have not been fully elucidated. In addition, the cell composi-
tion of organs is complex. Study of the expression and function of UTs should be
accurate to the cellular level, so as to reduce research defects and avoid misunder-
standings. With the widespread application of single cell sequencing, proteomics,
and computer simulations, we anticipate a more comprehensive understanding of
the biological characteristics of UTs. Concurrently, the development of drugs tar-
geted to UTs will emerge as a research hotspot, offering novel perspectives and
strategies for the prevention and treatment of related diseases.

In summary, UTs play vital physiological roles within organisms and are inti-
mately linked to various diseases. As research progresses, we can expect to uncover
more secrets about UTs, thereby contributing to the prevention and treatment of
related diseases.
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Chapter 7 )
Urea Transporters and Their Gene S
Mutations in Diseases

Boyue Huang, Hongkai Wang, Jiaoyu Hou, and Jianhua Ran

Abstract Urea transporters (UTs) UT-As (encoded by Slci4A2) and UT-B
(encoded by Slc/4Al), are important members of the solute carrier family. They are
a group of membrane channel proteins that are selectively permeable to urea.
Slc14A1 is considered the key gene determining the Kidd blood group system, and
its variants can lead to the loss of Jk antigens, resulting in transfusion-related com-
plications. Additionally, studies have shown that Slc/4A1 is closely associated with
cancer development and progression, with its expression level and promoter meth-
ylation status potentially serving as biomarkers for cancer progression and progno-
sis. Recent research suggests that UT-B functional deficiency may cause
neurodegenerative diseases by accumulating urea in the brain, thereby affecting
neuronal function and viability. Mutations of Slc/4A2 are linked to hypertension
and metabolic syndrome, due to its essential role in maintaining urea homeostasis.
This chapter aims to introduce the clinical significance of UT-B and UT-A and high-
light their potential roles as diagnostic and therapeutic targets.

Keywords Urea transporter - UT-A - UT-B - Kidd blood group - Jk antigens
Urea transporters (UTs), a group of membrane channel proteins responsible for

selective permeability to urea across cellular membranes, belong to the members of
the solute carrier (SLC) family. UTs include 6 UT-A isoforms and a UT-B isoform,

B. Huang (><) - J. Ran (P<)

Department of Anatomy, and Laboratory of Neuroscience and Tissue Engineering, Basic
Medical College, Chongqing Medical University, Chongging, China

e-mail: boyue960521@cqmu.edu.cn; ranjianhua@cqmu.edu.cn

H. Wang

Laboratory of Regenerative Rehabilitation, Shirley Ryan Ability Lab, Department of Physical
Medicine and Rehabilitation, Northwestern University Feinberg School of Medicine,
Chicago, IL, USA

J. Hou
Department of Geriatrics, The First Hospital of Jilin University, Changchun, China

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 127
B. Yang, J. M. Sands (eds.), Urea Transporters, Subcellular Biochemistry 118,
https://doi.org/10.1007/978-981-96-6898-4_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-6898-4_7&domain=pdf
https://doi.org/10.1007/978-981-96-6898-4_7#DOI
mailto:boyue960521@cqmu.edu.cn
mailto:ranjianhua@cqmu.edu.cn

128 B. Huang et al.

which are coded by genes Slc/4A2 and Slc14A1, respectively. Slc14Al and Slc14A1
are linked on chromosome 18. UTs are primarily known for their roles in urea trans-
port, a critical process for maintaining nitrogen balance in the body. Recent research
has highlighted that UT abnormalities and their gene mutation are involved in a
variety of diseases, including blood group, tumors, neurodegenerative diseases, and
renal pathologies. This chapter aims to provide a comprehensive overview of the
current understanding of UTs and their genes in diverse disease mechanisms, and
their potential as diagnostic and therapeutic targets.

UT-B in Hemolytic Transfusion Reaction

UT-B, which is expressed in erythrocytes, has been identified as the genetic deter-
minant of the Kidd (Jk) blood group system. Mutations in Slc/4AI can lead to the
absence of Jk antigens. This condition, known as the Jk(a—b—) phenotype, poses a
significant risk in transfusion medicine due to potential hemolytic transfusion reac-
tions and challenges in blood cross-matching.

The discovery of the Kidd blood group system is an important milestone in the
fields of transfusion medicine and immunohematology. This system was identified
in 1951 when a woman named Kidd in Boston, USA, gave birth to her sixth child,
John Kidd, who exhibited symptoms of Hemolytic Disease of the Newborn. The
physician responsible for the transfusion, Dr. Allen, discovered a new antibody in
Mrs. Kidd’s serum that reacted with a new antigen on the infant’s red blood cells,
leading to hemolytic jaundice. In honor of this discovery, the new blood group was
named the Kidd blood group, and the corresponding antibody was designated as the
Jk(a)antigen [1]. Subsequently, in 1953, Plaut and colleagues in the UK discovered
the antibody Jk(b) corresponding to the Jk(a) antigen [2]. Both Jk(a) and Jk(b) con-
tribute to the three common phenotypes: Jk(a + b—), Jk(a — b+), and Jk(a + b+). The
Jk(a — b—) (or JK™!) phenotype was identified in 1959 following a post-transfusion
hemolytic disease in a Filipina with Spanish and Chinese ancestry [3]. In 1959,
Pinkerton and others identified a third antigen of the Kidd blood group system, Jk3,
which is present on all red blood cells except those with the Jk(a-b-) phenotype [4].
The distribution of the Kidd blood group antigens Jk(a), Jk(b), and Jk"3 varies
among different ethnic groups. The frequency of the Jk(a) gene is higher in
Caucasians and Black populations, while the Jk”b gene is somewhat less prevalent.
In East Asian populations, the Jk*b gene is generally more common than the Jk”*a
gene. The Jk(a-b-) phenotype is extremely rare, primarily found among Polynesians
in the Pacific Islands, Finns, and certain Asian populations, such as those in Thailand
and Japan. In China, the prevalence of Jk(a-b-) is less than one in ten thousand,
making it a very rare blood type [5-7].

The functional discovery of glycoproteins containing Kidd antigens preceded the
isolation of the protein or gene, as an incidental finding occurred in a Samoan
patient suffering from aplastic anemia [8]. His red blood cells were resistant to lysis
in 2 mol/L urea. It was found that he had elevated platelet counts in an automated
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system dependent on thyroid cell urea dissolution, while peripheral blood smear
examination showed no evidence of platelet excess [9]. His red blood cells were not
effectively lysed, leading the automated system to count them as platelets. He was
discovered to have the JK(a-b-) phenotype, suggesting that the Kidd glycoprotein
has urea transport functions.

In 1987, the first isolation of the Kidd glycoprotein was achieved using affinity-
purified IgG antibodies against Jk(a), Jk(b), and Jk3 in a dot blot assay, yielding a
45-kDa protein [10]. In 1991, the impermeability of Jk(a-b-) red blood cells to urea
was confirmed, coinciding with previous findings that urea flux across artificial lipid
bilayers was relatively low [11]. This characteristic of Jk(a-b-) red blood cells strongly
suggested a correlation between Jk antigens and transmembrane urea transport. In the
same year, scientists first detected a urea transporter protein in the Xenopus oocytes,
which facilitates the passage of urea across the cell membrane [12, 13].

In 1993, the direct discovery of a protein of approximately 40 kDa, possibly
related to the Kidd antigen and associated with urea transport, was made through
photolabeling [14]. That same year, rabbit renal medulla cDNA was microinjected
into frog oocytes, successfully cloning UT-2 (later renamed UT-A2) through func-
tional expression [15]. In 1994, scientists reported the isolation of a cDNA encoding
the UT-3 protein (later renamed UT-B) from human bone marrow, with sequences
showing extensive similarity to UT-A2 [16]. The same research group found that, in
addition to red blood cells with the JK(a-b-) phenotype, a 45-60 kDa glycoprotein
was isolated from all red blood cells using immunoprecipitation with anti-Jk3. After
removing N-glycosylation with N-glycosidase, the molecular weight decreased to
36 kDa [17].

Benefiting from the rapid development of molecular technology, an increasing
number of alleles have been identified. The two antigens Jk(a) and Jk(b) are inherited
as products of co-dominant alleles. The expression of the Jk(a) and/or Jk(b) antigens
is determined by a single nucleotide polymorphism (SNP) within the Slc/4A1 gene,
which confers a single amino acid difference between the alleles. The expression
sequence of the Jk”b antigen is considered to correspond to the reference allele JK*B
or JK*02, featuring adenine at nucleotide 838 and asparagine at position 280. The
Jk”a antigen arises from a substitution of guanine for adenine at nucleotide 838,

JK(a)JK(b)
Asp280Asn

Extracellular

REHGEFPSOREDLORHEGEROE SEREHAOPEOSPIDHSGPRDDD
Lipid bilayer
eIV ODLVHSO0D VLRIV VVSCILRCOIDPVIPY
Intracellular

NH2

Fig. 7.1 JK glycoprotein composed of 389 amino acids



130 B. Huang et al.

resulting in an aspartic acid at that position instead of asparagine (Fig. 7.1) [18]. This
amino acid difference at position 280 is located on the fourth extracellular loop of the
JK protein, which is considered to correspond to the reference allele JK*A or JK*01.

Although the Kidd blood group system is considered relatively simple due to the
normal expression of only two different alleles, multiple mutations in these alleles
can lead to weak or modified expression profiles of the antigens. As of December
2023, the International Society of Blood Transfusion (ISBT) Working Party on Red
Cell Immunogenetics and Blood Group Terminology has acknowledged a total of
26 null alleles for the JKO1 and JKO2 antigens, 12 weak alleles for the JKO1 antigen,
and 6 weak alleles for the JKO2 antigen [19]. Frequencies of the Jk(a—b—) pheno-
type in different ethnic groups is dissimilar, while several diverse mutations of the
Slc14A1 gene with Jk(a—b—) phenotype are also associated with different ethnic
lineages [20] (Table 7.1).

The Kidd blood group system is frequently involved in transfusion reactions and
hemolytic disease of the newborn (HDN) [33-35]. Kidd antibodies, such as anti-Jka
and anti-Jkb, are of particular clinical concern due to their potential to cause delayed
hemolytic transfusion reactions (DHTRs). These antibodies are typically formed
after exposure to incompatible blood, either through transfusion or pregnancy, and
may not be detectable in routine screening. However, upon subsequent exposure to
the corresponding antigen, these antibodies can cause a severe immune response
that leads to hemolysis. The delayed nature of the reaction often complicates diag-
nosis, as hemolysis can occur days or even weeks post-transfusion. This character-
istic makes Kidd antibodies a significant concern in transfusion medicine, as they
can lead to acute renal failure and other severe complications if not properly man-
aged. Moreover, the Kidd system is implicated in HDN, although its involvement is
less frequent compared to Rh or ABO incompatibilities [36-39]. HDN due to anti-
Jka or anti-Jkb antibodies can range from mild to severe, depending on the antibody
titer and the density of antigens expressed on the fetal red blood cells. In severe
cases, it can lead to fetal anemia, jaundice, and even hydrops fetalis, necessitating
careful prenatal monitoring and potential intervention. Given these risks, accurate
prenatal screening for Kidd antibodies is essential, particularly in pregnant women
with a history of transfusion or previous pregnancies.

UT-B in Transplanted Kidney Rejection

Since UT-B is expressed in renal descending vasa recta endothelial cells and other
tissues, the antibodies in transplant recipients may attack Jk alloantigens (UT-B) as
minor histocompatibility antigens expressed on the donor’s organs after transplanta-
tion [40, 41]. It has been reported that the Jk(b) antigen is able to cause acute rejec-
tion of a transplanted kidney [41-43].

A recent study by Ramsey et al. shed light on the outcomes of renal transplant
patients who possess JK alloantibodies. They found that among five patients with
existing JK antibodies and a history of graft loss of uncertain JK antigen status,
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Table 7.1 Mutations of Sic/4A1

Mutation
Jk(a) | C582G
C202T
G327del
G432A
757-759delTCC
G893A
C956T

C561A
del(exon 4 and
5)
IVS8+5¢g>a
IVS5-1g>a
Jk(b) | G130A
GI191A
G194A
C222A
T437C
G512A
C536G
C561A
647-648delAC
G719A
T871C
G896A
C956T

A723del

IVS5-1g>c
IVS5-1g>a

IVS7T+1g>t

Amino acid
change

Tyr194Stop
GIn68Stop
Leul09Phe
Trp144Stop
Ser253del
Gly298Glu
Thr319Met

Tyr187Stop

protein not
expressed

skipping of exon 8
skipping of exon 6
Glu44Lys
Arg64GIn
Gly65Asp
Asn74Lys
Leul46Pro
Trp171Stop
Prol79Arg
Tyr187Stop
Asp216Ala
Trp240Stop
Ser291Pro
Gly299Glu
Thr319Met

11e262Stop
skipping of exon 6
skipping of exon 6

skipping of exon 7

Population

Swiss

Hispanic-American, Caucasian
Japanese

Japanese

Japanese

Japanese

African-American, Indian, Thai,

Pakistani
African-American
English, Tunisian, Bosnian

Chinese

Polynesian

Caucasian, Thai
African-American, Japanese
French-Canadian

Taiwanese

Chinese

Chinese

Chinese

Japanese

Japanese

Japanese

Finn

Taiwanese, Polynesian, Thai

African-American, Indian,
Thai, Pakistani

Hispanic-American
Chinese

Taiwanese, Chinese,
Filipino, Indonesian,
Polynesian, Vietnamese,
Japanese

French

References
[21]

[22]

[23]

[23]

[23]

[23]
[6,22]

[24]
[21]

[25]
[26]
[6,21]
[23]
[27]
[28]
[25]
[25]
[25]
[23]
[23]
[23]
[20]
[6, 28]
[6,22]

[22]
[29]
[22, 23,
30-32]

[31]

131

there was also the presence of human leukocyte antigen (HLA) antibodies that
could potentially account for the graft loss. In contrast, seven patients who received
a kidney that was knowingly incompatible with JK did not experience any rejection
episodes that could be solely attributed to JK antibodies; however, two of these
patients did have rejection episodes that were consistent with HLA antibodies [44].
Additionally, a case was reported by Subramaniyan of a patient with pre-transplant
anti-Jka who received a Jk(a+) kidney and maintained graft survival for at least five

months [45].
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In only one reported case, a patient harboring pre-transplant anti-Jka antibodies
in the absence of HLA donor-specific antibodies underwent transplantation with a
Jk(a+) kidney, and suffered graft loss [46]. These findings imply that the presence
of JK antibodies does not necessarily preclude a patient from being a candidate for
kidney transplantation, yet it may be linked to an increased risk of complications in
certain individuals. We recommend that surgeons pay attention to the Kidd blood
group when they meet a hard-to-explain rejection episode.

Genetic Variation of UT-B in Tumor

Growing evidence suggests that Slc/4A ] mutations are involved in tumor develop-
ment, where its altered expression and promoter methylation status are associated
with tumor progression and poor prognosis in several cancer types. Urinary bladder
cancer ranks eighth in worldwide tumor incidence and the thirteenth most numerous
cause of death from cancer. It is the sixth most common malignancy in men and
eighteenth in women, and its frequent recurrence requires regular screening and
interventions [47, 48]. Urinary bladder cancer stands out as a huge burden all over
the world, particularly in developing countries [49]. The risk factors associated with
the development of bladder cancer include cigarette-smoking, exposure to chemi-
cals such as aromatic amines, chronic bladder inflammation, and age [50, 51]. Most
tumors are transitional cell carcinomas (95%), which occur in industrialized coun-
tries. Bladder cancer has historically not been treated as a tumor with a genetic
background though a family history of bladder cancer is associated with an approxi-
mately two-fold increase in risk [52].

Multistage genome-wide association studies (GWAS) have found several genes,
TP63, MYC, TERT, PSCA, CLPTMIL, TMEM129, TACC3-FGFR3, APOBEC3A,
CBX6, CCNE1, UGTI1A, NAT2, GSTM1, that are linked to bladder cancer [53-57].
In 2011, a new urinary bladder cancer susceptibility locus was discovered from an
extension of the European urinary bladder cancer genome-wide association stud-
ies—a single-nucleotide polymorphism (SNP) in intron 3, rs17674580, of the UT-B
gene SlcI4Al. It is hypothesized that sequence variants in the Slc/4Al gene indi-
rectly modify urinary bladder cancer risk by affecting the urine concentration or
frequency of urination that affects the time that carcinogens are contacting the uro-
thelium (urogenous contact hypothesis, set in 1987) [58, 59]. Interestingly, at the
same time, a meta-analysis of existing GWAS data [56, 57] also identified a novel
susceptibility locus that mapped to a region of 18q12.3, marked by rs7238033 and
two highly correlated SNPs, rs10775480/rs10853535, localized to the UT-B gene
Slc14A1. They found no evidence of modification of the 18q12.3 locus risk associa-
tion by smoking status [60]. Coincidently, the latter study group speculated that
variations in urine volumes and concentration could modify exposure of bladder
epithelium to carcinogens in the urine, which is similar with the urogenous contact
hypothesis.
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To search for more evidence, in 2013, a further study was designed to seek dif-
ferences between phenotypes that are T allele versus C allele at rs10775480 [61].
Specific gravity was measured representing urine concentration. The results showed
that carriage of the bladder cancer risk allele resulted in a significant decrease in
urinary specific gravity after controlling for all available predictors. The data sug-
gest that UT-B expressed in the bladder has the ability to influence urine concentra-
tion, which might explain the increased bladder cancer susceptibility associated
with rs10775480. However, recent studies in rats found evidence that expression of
UT-B in urothelium may be associated with bladder cancer directly.

As we introduced previously, UT-B distributes in urothelium so that urea is con-
tinuously reabsorbed from the urine across the urothelium via UT-B, and urine is
thus altered in its passage through the urinary tract [62]. Additionally, in UT-B null
mice, DNA damage and apoptosis were markedly increased, which resulted from
urea accumulation, an upregulated expression of iNOS and a downregulation of
arginase I expression in urothelial cells induced by deletion of UT-B [63].

In a case-control series of bladder cancer patients, variations in the Slc/4A1 gene
were identified as a high-risk factor for bladder cancer, especially among non-
smokers [64]. Another study identified a type of cancer-associated fibroblast (CAFs)
driven by interferon signaling and overexpression of UT-B through single-cell
sequencing in the bladder. Patients with a higher proportion of Slc/4A1* CAFs in
bladder cancer exhibited a poor prognosis, independent of cancer staging, and had
apoor response rate to neoadjuvant chemotherapy or immunotherapy [65]. However,
there is research indicating that UT-B is a potential new tumor suppressor in urothe-
lial carcinomas, since reduced levels of UT-B correlate with poorer outcomes in
patients with urothelial carcinoma of the bladder, including disease-specific sur-
vival and metastasis-free survival.

Epigenetic alterations, such as hypermethylation of DNA at the Slc/4Al pro-
moter and methylation of histones H3K27 and H3K9, result in reduced SlcI4Al
gene expression and subsequent protein synthesis. The total and membrane-bound
forms of UT-B mitigate the buildup of urea and arginine by modulating the mTOR
signaling pathway. Furthermore, UT-B within the nucleus interacts with HDACI to
suppress the expression of genes involved in oncogenic metabolism [66]. Further
studies are desired to reveal the precise mechanism.

The expression of the Sic/4Al gene in humans was affected by castration, in
addition to differential expression in the benign and malignant prostate, which sug-
gested that UT-B might also contribute to prostate cancer [67]. Studies show that the
expression levels of UT-B are markedly decreased in prostate cancer cells and tis-
sues when compared to normal prostatic epithelial cells and peritumoral tissue, and
its downregulation is associated with shorter survival time in patients. Slc/4A1 has
emerged as a significant gene linked to the occurrence of biochemical recurrence in
prostate cancer [68, 69]. Through bioinformatics and public database analyses,
researchers have found that hypermethylation of the promoter region of the Sic/4A1
gene is correlated with its downregulated expression, which may be one of the criti-
cal factors contributing to the silencing of Slc/4Al [69]. Furthermore, DNA



134 B. Huang et al.

methyltransferase DNMT3B may mediate the methylation of the Slc/4A 1 promoter
region, thereby leading to its decreased expression.

Even in cancers outside of the urinary system, UT-B stands out unexpectedly.
Downregulation of UT-B in noninvolved tissue of pulmonary adenocarcinoma may
be a biomarker for a higher clinical stage [70]. In primary colorectal cancer lesions,
upregulation of UT-B activates the TGF-p pathway, enhancing the metastatic capa-
bility of colorectal tumor cells. The upregulation of UT-B is closely associated with
synchronous liver metastasis and poor prognosis in colorectal cancer (CRC)
patients, suggesting its potential as a predictive marker for postoperative synchro-
nous liver metastasis in these patients [71]. Emerging research suggests that UT-B
plays a significant role in the progression of renal cell carcinoma and may serve as
a novel biomarker for this disease [72].These findings highlight the prospective
application of Slc/4AI as a predictive indicator and therapeutic target.

Research progress on the Slc/4Al gene in cancer suggests that its expression
level and promoter methylation status may serve as novel indicators for tumor pro-
gression and prognosis. UT-B may inhibit cancer progression by suppressing cell
proliferation and metastasis. These findings provide new molecular targets and bio-
markers for the diagnosis, treatment, and prognosis evaluation of tumors.

UT-B in Neurodegenerative and Psychiatric Disorders

UT-B has been reported as a marker for neurodegenerative diseases. Researchers
have identified increased expression levels of UT-B in the Huntington’s disease
sheep model [73], and UT-B could serve as a biomarker to distinguish Parkinson’s
disease and progressive supranuclear palsy, with its expression levels correlating
with the Unified Parkinson’s disease rating scale total and its part III scores [74]. A
noteworthy finding suggests that a significant proportion (81%) of individuals with
the JK™! phenotype in Spanish populations meet the criteria for mood and/or anxi-
ety disorders, coupled with a substantially increased familial risk of suicide, which
is seven times higher than in the general population [75]. The strong association
between the JK™! phenotype and increased suicide risk highlights the potential role
of Slc14A1 as a genetic risk factor for suicidality. The mechanisms underlying this
association remain unclear but may involve disruptions in cerebral urea transport,
leading to altered neurotransmitter levels and neuroinflammation. Further studies
are needed to determine whether Slc/4A1 variants can serve as predictive biomark-
ers for suicide risk and to explore potential interventions aimed at modulating UT-B
function in at-risk individuals.

UT-B knockout mice exhibit significant depressive-like and anxiety-like behav-
iors. The potential mechanism may involve the excessive accumulation of urea in
the brain, which induces the loss of synaptic structure in neurons, impairs long-term
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potentiation [76], triggers abnormal proliferation of oligodendrocytes, and disrupts
the dynamic maintenance of myelin [77].

Gender-Specific Blood Pressure Variations and Metabolic
Syndrome Associated with Slc14A2 Polymorphisms

Apart from Sic14A1 (discussed above), variations in Slc/4A2 are not negligible. In
persons of Asian origin, it has been found through genome scan that Val227Ile
(rs1123617, G — A) and Ala357Thr (rs3745009, G — A) are significantly associ-
ated with blood pressure variation in men but not women [78]. Both I1e227 and
Ala357 alleles exhibit a modest protective effect, but mechanisms for the difference
between genders remain vague. How these polymorphisms contribute to blood pres-
sure variation is considered to be by decreasing the activity of UT-A. Then, the
reduction in the re-absorption of urea and water leads to lower blood pressure.
Moreover, subjects carrying both the Ala357/Ala357 genotype in the Ala357Thr
polymorphism and either Val227/11e227 or 11e227/11e227 genotypes in the Val2271le
polymorphism had the highest mean change in both systolic and diastolic blood
pressure after treatment of hypertension by the nifedipine gastrointestinal therapeu-
tic system [79]. Interestingly, expression of UT-A is up-regulated in hearts and
down-regulated in kidneys in rats after hypertension is induced [80, 81].

A genetic study of persons of Asian origin showed that G465C in Slc/4A2 is
related to a low risk of metabolic syndrome, revealing a significant difference in
triglyceride level [82]. But another study suggested that the Slc/4A2 gene contrib-
utes to metabolic syndrome by regulating albumin directly [83]. Based on the above,
further studies can delve into the relationship between UT-A and common chronic
diseases.

In addition, studies have shown that Slc/4A2 gene polymorphism is associated
with urea nitrogen levels in chronic kidney disease [84, 85]. And Slc/4A2 has also
been reported to be associated with refractive abnormalities of European ancestry in
individuals [86].

Summary

Slc14A1 and Slc14A2 play crucial roles in the pathogenesis of multiple diseases
(Fig. 7.2). Their mutations are associated with disease progression and clinical out-
comes, highlighting their potential use as biomarkers or therapeutic targets. Further
research into their mechanisms will be essential for developing novel strategies in
disease diagnosis and treatment.
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Chapter 8 ®
Small-Molecule Inhibitors and Drug S
Discovery of Urea Transporters

Hang Zhang, Min Li, and Baoxue Yang

Abstract Urea transporters (UT) in renal tubule epithelial cells (UT-A) and vasa
recta endothelial cells (UT-B) play an important role in the urine concentrating
mechanism. Therefore, UTs are regarded as a potential target for diuretics, or ‘ure-
aretics’, with unique mechanisms of action and clinical indications. UT inhibitors
have a diuretic effect without causing disorders of electrolyte balance like classical
diuretics that induce diuresis by natriuresis. This chapter delves into the screening
and evaluation methods used for discovering UT inhibitors, the small molecule UT
inhibitors that have been identified to date, and UT inhibitors’ therapeutic effect in
hyponatremic animal models. The studies on UT inhibitors as diuretics show prom-
ise for treating dilutional hyponatremia associated with conditions like congestive
heart failure, cirrhosis, ascites, and nephrotic syndrome, as well as the syndrome of
inappropriate antidiuretic hormone (SIADH) secretion.

Keywords Urea transporters - Diuretic - Small molecule inhibitors - Structural
optimization

Urea transporters (UT) are a group of membrane channel proteins that specifically
permeate urea and can promote the passive passage of urea across the cell mem-
brane [1-5]. UTs are mainly divided into two subtypes: UT-As and UT-B [6-8].
UT-As include six members from UT-A1 to UT-A6, among which UT-A1, UT-A3,
and UT-A4 (only in rat) are expressed in inner medullary collecting duct (IMCD),
with UT-A1 at the apical membrane and UT-A3 at the basolateral membrane. UT-A2
is expressed in the thin descending limb of the loop of Henle. UT-AS is expressed
in the testis and UT-A6 is expressed in the colon. UT-B is a protein highly expressed
mainly in endothelial cells in renal vasa recta [9]. The urine concentrating mecha-
nism in kidney depends on both the NaCl concentration gradient from the cortex to
the medulla and the urea concentration gradient from the extramedullary to the
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intramedullary [10]. UTs regulate the urea concentration gradient and play an
important role in the urine concentration mechanism.

Previous studies show that the UT-B knockout mouse model, UT-A1 knockout
mouse model, UT-A1/A3 knockout mouse model, and all-UT knockout mouse
model, have varying degrees of impairment in urine concentration ability [3, 9,
11-15]. It manifests as increased urine output and decreased osmotic pressure, but
the excretion of non-urea solutes (such as Na*, K*, Cl7) is not affected [16—19].
Therefore, UTs are regarded as a novel diuretic target, and UT inhibitors have the
potential to be developed into new diuretics [20-23]. In addition, since the diuretic
effect of inhibiting UT-A1 is significantly better than that of inhibiting UT-B, and
inhibiting UT-B may produce side effects such as depression-like symptoms, UT-A1
is more suitable as a diuretic target than UT-B. UT-A1 selective inhibitors are more
likely to be developed into good diuretics [24].

This chapter reviews the theoretical basis of UT as a diuretic target, the screening
and evaluation methods of UT inhibitors, and the currently discovered small mole-
cule UT inhibitors, aiming to provide a reference for the subsequent development of
new diuretics targeting UT. Recently, available UT inhibitors are classified as thio-
urea, diarylamide, 8-hydroxyquinoline, aminothiazolone, triazine, thienoquinoline,
triazolothienopyrimidine, phenylphthalazine, thienopyridine, phenylsulphoxyoxa-
zole, benzenesulfoanilide, phthalazinamine, aminobenzimidazole, etc. The discov-
ery and characterization of nanomolar-potency small-molecule UT inhibitors is
reviewed in this chapter.

Methods to Assay Urea Transport

Erythrocyte Osmotic Lysis Assay

Mammalian erythrocytes are readily available and naturally express UT-B and the
water channel protein aquaporin 1 (AQP1) on their membranes, facilitating rapid
permeation of urea and water [25-27]. Erythrocytes are ideal for high-throughput
screening of UT inhibitors due to their ability to change volume or rupture under
varying osmotic pressures. As diagramed in Fig. 8.1a, the experimental procedure
involves incubating freshly prepared erythrocytes in a phosphate buffer solution
with a high urea concentration to increase the urea concentration within the cells
[28]. Subsequently, the erythrocytes are transferred to an isotonic phosphate buffer
solution. As AQP1 is present on the cell membrane, the high osmotic pressure inside
the cells drives water in through AQP1 while urea moves out through UT-B, main-
taining osmotic balance. When a UT-B inhibitor is introduced, urea is trapped inside
the cell, leading to an influx of water through AQP1 and eventual cell lysis. Detection
of hemoglobin at 720 nm can identify UT inhibitors by measuring the hemoglobin
released from ruptured erythrocytes. This method offers an efficient way to screen
for UT-B inhibitors.
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Fig. 8.1 Methods to assay urea transport. (a) Erythrocyte osmotic lysis assay. (b) Stopped-flow
light scattering. (¢) Transwell assay. (d) Fluorescence indicator

Stopped-Flow Light Scattering

The stopped-flow assay is a valuable tool for studying millisecond-level kinetic
processes in solution systems, commonly used to assess the efficacy of UT inhibi-
tors [9]. In this assay, as diagramed in Fig. 8.1b, an erythrocyte suspension is quickly
mixed with a high-concentration urea solution in the mixing chamber of the stopped-
flow instrument. The high osmotic pressure created by the external urea concentra-
tion causes rapid water efflux from the cells through AQP1, leading to cell shrinkage.
Subsequently, urea enters the cells due to the concentration difference, causing a
reversal in osmotic pressure inside and outside the cells, leading to water influx and
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cell swelling. The change in erythrocyte volume affects the amount of scattered
light passing through the mixing chamber. By measuring the intensity of 90° scat-
tered light at 530 nm, the volume change of the cells can be quantitatively analyzed
to calculate the permeability of the erythrocyte membrane to urea.

Transwell Assay

The transwell assay is commonly used to screen UT-A1 inhibitors, involving the use
of MDCK cell lines stably transfected with UT-A1 [29]. As diagramed in Fig. 8.1c,
these cells are seeded at a specific density in collagen-coated transwell chambers,
and cell resistance is monitored until a resistance of around 1 kQ-cm? is reached,
indicating the formation of a compact monolayer of cells on the membrane. The
compound to be tested, dissolved in PBS containing forskolin (FSK, an adenylyl
cyclase activator, induces UT-A1 transport from the cytoplasm to the cell mem-
brane), is applied to both the top and bottom membranes of the transwell. Following
incubation with the test compound, high-concentration urea is added to the lower
side of the transwell chamber, and the urea concentration in the upper liquid is mea-
sured at various time points to assess the inhibitory activity of the test compound on
the urea permeability of the MDCK cell membrane UT-A1 [30].

Fluorescence Indicator

The UT-A1 is deemed more suitable as a diuretic target compared to UT-B. Therefore,
as diagramed in Fig. 8.1d, a high-throughput screening model for UT-A1 inhibitors
is required. Frohlich et al. subcloned the UT-A1 cDNA into the pcDNAS/FRT plas-
mid and transfected it into Madin-Darby canine kidney (MDCK) cells [31].
Forskolin and arginine vasopressin were shown to increase the phosphorylation of
UT-Al, facilitating its transfer from intracellular vesicles to the plasma membrane
and enhancing the transmembrane permeability of urea. By utilizing “C-labeled
urea molecules to monitor the permeability rate of MDCK cells expressing UT-A1
to urea, the inhibitory effect of UT inhibitors on UT-A1 can be identified. Following
a similar approach, yellow fluorescent protein YFP-H148Q/V163S, AQP1, and
UT-A1 or UT-B genes were stably transfected into the MDCK cell line. These cells
were cultured in black-walled 96-well culture plates, with YFP-H148Q/V163S, sen-
sitive to CI-, serving as an indicator of changes in cell volume. A decrease in cell
volume leads to an increase in intracellular CI~ concentration, resulting in reduced
YFP fluorescence. When exposed to a urea solution, the osmotic pressure changes
caused by extracellular urea drive water out of the cells, causing them to shrink.
Subsequently, urea and water enter the cells to restore their normal volume. By
analyzing changes in fluorescence signal intensity under varying urea gradients, the
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rate of cell volume change can be calculated, membrane permeability to urea can be
assessed, and the efficacy of UT-A1 inhibitors can be screened and evaluated
[32, 33].

Discovered UT Inhibitors

The names of each type of compound, the structures of representative compounds,
and ICs, are shown in Table 8.1.

Urea Analogues

In 1970, Macey and Farmer discovered that phloretin could inhibit the permeability
coefficient of urea without significantly altering the water permeability coefficient
[34, 35]. They also found that urea analogues like thioureas can alter the permeabil-
ity rate of erythrocytes to urea at 50 ~ 100 mM and inhibit the permeability of iso-
lated inner medullary collecting ducts (IMCD) to urea. However, the effective doses
of these UT inhibitors are too large, limiting their potential as drugs.

Phenylsulfoxyoxazoles

In 2007, A.S. Verkman et al. employed high-throughput screening to identify high-
affinity, small molecule inhibitors of the urea transporter [27]. The primary screen-
ing resulted in the discovery of approximately 30 UT-B inhibitors, utilizing a human
erythrocyte lysis assay, which were categorized into the phenylsulfoxyoxazole, ben-
zenesulfonanilide, phthalazinamine, and aminobenzimidazole chemical classes.

The first class of phenylsulfoxyoxazoles compounds demonstrates high inhibi-
tory potency against both human and mouse UT-B, exhibiting favorable activity in
structure-activity relationship (SAR) analyses. The representative compound within
this class is urea;,,-101, which has an ECs, of 0.03 pM in human UT-B and approxi-
mately 0.2 pM in mouse UT-B. It shows good selectivity for UT-B and UT-A, with
the ECs, approximately 1.2 pM for rat UT-A1. Urea;,;-101 has minimal impact on
water transport in the erythrocytes of wildtype mice, as AQP1 serves as the primary
water transport channel. However, urea;,,-101 significantly inhibited water perme-
ability in AQP1-deficient erythrocytes, providing compelling evidence that UT-B
facilitates water transport.
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Benzenesulfonanilides

Benesulfonanilides, compound urea;,-201, exhibited micromolar-level inhibitory
activity on human UT-B, with an ICs, of 0.3 pM [27]. However, urea;,;-201 demon-
strates weak inhibitory effects on mouse and rat UT-B, with no inhibition observed
at a concentration of 25 pM. Additionally, urea;,;;-201 did not inhibit rat UT-A1 at
25 pM, indicating a lack of significant inhibitory activity on UT-A1. These limita-
tions may hinder its application in further animal experimental studies.

Phthalazinamines

The representative compound of phthalazinamins, urea;;-302, exhibits a strong
inhibitory effect on UT-B, with an ECs, of approximately 0.2 pM for human UT-B;
it also has similar activity against mouse UT-B, with an ECs, of around 0.2 pM [27].
This compound displays high inhibitory potency against UT-B, rendering it valu-
able for use in chemical knockout studies. Additionally, it has an ICs, of approxi-
mately 15 pM for rat UT-A1, indicating a high selectivity for UT-B. Furthermore,
research has revealed that urea;,;-302 can also inhibit the transport of water by UT-B.

Aminobenzimidazoles

The representative compound of aminobenzimidazoles is urea;,,-404, with an ICs,
of approximately 0.4 pM [27]. At a concentration of 25 pM, urea;,;,-404 did not
exhibit a significant inhibitory effect on rat UT-A1l. Although this class of com-
pounds is not the most potent, they demonstrate specific structural requirements in
structure—activity relationship (SAR) analysis, which provides a foundation for fur-
ther optimization.

Triazolothienopyrimidine

In 2012, Yao et al. identified triazolothienopyrimidine compounds with significant
UT-B inhibitory activity among a screening of 100,000 compounds using an eryth-
rocyte lysis model [36]. UTB;,,-14, the most potent compound, exhibits ICs, values
of 10 pM and 25 pM for human and rat UT-B, respectively, completely and revers-
ibly inhibiting urea transport. This compound competitively inhibits urea transport
by targeting the intracellular site of the UT-B channel and demonstrates high selec-
tivity for UT-B, showing no inhibitory effects on UT-A1 even at higher concentra-
tions. Intraperitoneal administration of UTB;,;-14 in mice decreased urine
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osmolality post-administration of 1-deamino-8-D-arginine-vasopressin (dDAVP,
Desmopressin). However, UTB;,,-14 is unsuitable for clinical diuretic use due to its
rapid metabolism in hepatic microsomes and lack of activity against UT-A1.

Another representative compound of triazolothienopyrimidine, UTA1;,,-D1, fea-
tures structural characteristics that include 2,5-dimethyl and isopropyl groups [32].
Following structural optimization of triazolothienopyrimidine compounds that
competitively inhibit urea transport, UTA1;,,-D1 was developed with high selectiv-
ity for UT-A1, displaying ICs, values of 3.8 uM for UT-A1 and 15 pM for UT-B. This
compound demonstrates good UT-A1 inhibitory activity and selectivity, and the
structures of such compounds provide a basis for further optimization to enhance
their pharmacological properties.

After analyzing 273 commercially available analogues of compound 1 to estab-
lish a structure—activity relationship, and synthesizing a targeted library of 11 ana-
logues to identify potent, metabolically stable UT-B inhibitors, Anderson et al.
discovered that the representative compound triazolothienopyrimidine, designated
as 3 k, exhibited ICs, values of 23 nM and 15 nM for the inhibition of urea transport
by mouse and human UT-B, respectively [37]. Additionally, 3 k demonstrated good
in vitro metabolic stability in liver microsomes, with a half-life (t;;) of approxi-
mately 120 min. In vivo studies in mice revealed that 3 k accumulated in the kidney
and urine, leading to a reduction in maximum urinary concentration and urine
osmolality. This decrease in urine osmolality is comparable to that observed in
UT-B gene knockout mice.

Dimethylthiourea

In 2012, Cil et al. determined that the ICs, values of the urea analogue dimethylthio-
urea (DMTU), when intraperitoneally injected, significantly increased urine output,
decreased urine osmolarity, and enhanced free water clearance in female rats [38].

Subsequent research has found that DMTU completely and reversibly inhibits rat
UT-A1 and UT-B via a non-competitive mechanism, with an ICs, of 2 ~ 3 mM [39].
Homology modeling and docking calculations indicate the presence of a DMTU
binding site on rat UT-A1. Following a single intraperitoneal injection of 500 mg/
kg DMTU, the peak plasma concentration reached 9 mM, with a half-life (t;,) of
approximately 10 h, and urine concentrations ranged from 20 to 40 mM. Rats sub-
jected to long-term DMTU treatment exhibited a sustained and reversible decrease
in urine osmolarity from 1800 to 600 mOsm, along with a threefold increase in
urine output and mild hypokalemia. Importantly, DMTU did not impair the urine
concentrating function in rats fed a low-protein diet. Compared to furosemide-
treated rats, DMTU-treated rats demonstrated greater diuresis and reduced urinary
salt loss.

In a model of inappropriate antidiuretic hormone secretion syndrome (SIADH),
DMTU treatment effectively prevented hyponatremia and water retention induced
by water loading in dDAVP-treated rats. Furthermore, it was observed that slight
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changes in the symmetry of DMTU resulted in a loss of activity; specifically, the
replacement of the sulfur atom in thiourea with oxygen led to a significant reduction
in the inhibitory activity of UT-A1 and UT-B, highlighting the importance of this
functional group. These findings suggest that DMTU can serve as a tool to confirm
UT as a diuretic target; however, the effective dose is excessively large, rendering it
unsuitable for the development of new diuretics.

8-Hydroxyquinoline

In 2013, Verkman et al. screened approximately 90,000 synthetic small molecules
through YFP-H148Q/V163S fluorescence monitoring experiments, producing four
classes of UT-A1 inhibitors with low micromolar half maximal inhibitory concen-
trations that completely and reversibly inhibit urea transport through non-competitive
mechanisms [32].

In the realm of urea transport inhibition, unsubstituted 8-hydroxyquinoline(8-
HQ) analogs demonstrated selectivity for UT-A1 over UT-B, indicating a specific
interaction with this transporter isoform. The binding mechanism of these 8-HQ
inhibitors suggests non-competitive inhibition with respect to urea, as evidenced by
comparable inhibition percentages across varying urea concentrations. Furthermore,
the reversibility of UT-A1 inhibition by 8-HQ compounds has been confirmed,
highlighting their potential utility in modulating urea transport activity in a con-
trolled manner. The representative compound, UTA1;,,-A1, possesses structural
characteristics that include a piperidinyl group and a 4-ethoxyanilinyl group, with
UT-A1ICs, at 3.3 pM and UT-B ICs, at 16 pM. The application value of these class
A inhibitors lies in their high selectivity for UT-A1, which could regulate urea trans-
port and influence the renal capacity to concentrate urine. This provides a novel
mechanism of action for the development of new diuretics, termed “urearetics”,
which may prove effective in treating fluid-retaining conditions where conventional
diuretics are less effective.

Aminothiazolone

Aminothiazolones are characterized by a reversible, non-competitive binding mech-
anism to UT-Al, a significant pharmacological property [32]. The inhibitory
potency of aminothiazolones is influenced by the nature and position of substituents
on the aniline ring. The representative compound, UTA1;,;-B1, has an ICs, of
3.7 pM for UT-A1 and 4.8 pM for UT-B. Aminothiazolone inhibitors exhibit good
inhibitory effects on both UT-A1 and UT-B; however, their selectivity is relatively
low. Despite this, aminothiazolones possess drug-like properties and favorable
pharmacokinetic profiles, making them an exciting avenue for exploration and opti-
mization in medicinal chemistry. Given the critical role of urea transporters in the
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renal concentrating mechanism, aminothiazolones and their analogs may play a piv-
otal role in developing therapeutics for edema and related conditions. In summary,
aminothiazolones have emerged as a potent class of UT-A1 inhibitors with signifi-
cant potential for the development of new diuretic agents. Their inhibitory activity,
selectivity, and structure-activity relationships underscore their value in medicinal
chemistry and drug discovery for treating fluid retention disorders.

Benzo-[1,3,5]-Triazine

The inhibition observed with this compound was fully reversible and occurred
through a non-competitive mechanism, indicating that Benzo-[1,3,5]-triazine does
not directly compete with urea for binding at the active site [32]. The representative
compound, UTA1;,,-C1, contains a 3,4-dimethoxyanilino group and a 2-thio(4,5-
dihydrothiazole) group; its ICs, values are 4.2 pM for UT-A1 and > 50 pM for
UT-B. This class of inhibitors demonstrates high selectivity for UT-A1 but exhibits
weaker inhibitory effects on UT-B. Although their larger molecular polar surface
area may limit their potential as ideal drug candidates, structural optimization can
enhance their drug properties, including binding position (inside or outside the pore).

Functional studies, alongside homology modeling and docking computations,
revealed that 8-hydroxyquinoline and aminothiazolone were docked to the cyto-
plasmic pore region of UT-Al, while benzo-[1,3,5]-triazine was docked to the
extracellular pore. Research has established the following order of inhibition by
UT-A1 inhibitors: 8-hydroxyquinoline > aminothiazolone > [1,3,5]-triazine >
triazolothienopyrimidine.

Thienoquinoline

The Yang group identified that the thienoquinoline compound PU-21 had inhibitory
effects on UT-B by computational virtual screening [21]. Computational molecular
docking analysis revealed that PU-21 establishes hydrogen bonds with ASN289 of
the UT-B molecule, and engages in robust van der Waals forces and hydrophobic
interactions with LEU285 and ALA327. Molecular dynamics simulations suggest
that PU-21 binds to the functional docking site of UT-B through rivets, thereby
inhibiting urea permeability and exerting its inhibitory effects.

In 2013, Li et al. screened thienoquinoline analogs and optimized the chemical
structures to discover the active compounds. Compound PU-14 was found to have
potent inhibition activity on human, rabbit, rat, and mouse UT-B [40]. The half-
maximal inhibitory concentration of PU-14 on rat UT-B-mediated urea transport
was ~0.8 pM. PU-14 did not affect urea transport in mouse erythrocytes lacking
UT-B. PU-14 significantly inhibited UT-A1 mediated urea permeability by 36% at
4 pM. PU-14 showed no significant cellular toxicity at concentrations up to its
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solubility limit of 80 pM. Subcutaneous delivery of PU-14 (at 12.5, 50, and 100 mg/
kg) to rats increased urine output and decreased the urine urea concentration and
subsequent osmolality without electrolyte disturbances, or liver or renal damage.
These experimental results suggest that PU-14 does not alter levels of Na*, K*, and
CI” in the blood, indicating maintenance of electrolyte balance while exerting
diuretic effects.

To identify more potent UT inhibitors that effectively inhibit UT-A isoforms, the
structure of thienoquinolin was optimized by Ren et al. [41]. Following this optimi-
zation, the efficient UT inhibitor PU-48 was identified through structure-activity
optimization. PU-48 exhibited potent UT-A1 inhibition activity with an ICs, of
0.32 pM. PU-48 significantly inhibited urea transport in perfused rat terminal inner
medullary collecting duct (IMCD). PU-48 caused significant diuresis in UT-B null
mice, which indicates that UT-A1 is the target of PU-48. The diuresis caused by
PU-48 did not change blood Na*, K*, or CI~ levels or nonurea solute excretion in
rats and mice. The results suggest that thienoquinolins may have the potential to be
developed as a novel class of diuretics. However, the development of PU-48 is hin-
dered by its low bioavailability and lack of oral diuretic activity in rats [42].

Aryl-Thiazole

In 2014, Verkman et al. identified UT-A inhibitors of aryl-thiazole,
y-sultambenzosulfonamide, aminocarbonitrile butene, and 4-isoxazolamide chemi-
cal classes from 50,000 synthetic small molecules by a high-throughput assay [43].
The representative compound of aryl-thiazole is UTA;,,-E02, whose UT-A1 ICs is
1 pM and UT-B ICs, is 50 pM, showing excellent selectivity for UT-A1 [43].
UTA,,,-E02 significantly increased urine volume and decreased urine osmolality
within the 0-3 h timeframe in rats. Both urine volume and osmolality returned to
near baseline levels during the 3—6 h collection period. The selection of a vehicle for
the administration of UTA,,,-E02 presented challenges due to its limited solubility.
Various combinations of vehicles resulted in low plasma and urine concentrations
(x1 pM) following intraperitoneal, subcutaneous, or oral administration of doses
up to 100 mg/kg. However, it was found that intravenous administration of 20 mg/
kg of UTA;;,-E02 (5 mg/ml in saline, 20% dimethylacetamide, 40% 2-hydroxypropyl
y-cyclodextrin) to rats initially yielded plasma levels of approximately 6 pM and
urine levels of about 3 pM, with a plasma elimination half-life (t;,) of approxi-
mately 4.5 h.

y-Sultambenzosulfonamide

The representative compound of y-sultambenzosulfonamide is UTA;,;-F11, which
exhibits an ICs, of 1 pM for UT-A1 and 10 pM for UT-B, indicating a greater selec-
tivity for UT-A1 [43]. The kinetics of the original (nonmetabolized) inhibitors,



156 H. Zhang et al.

UTA,;+-F11, show approximately 50% metabolism at 60 minutes. The minimal tox-
icity of UTA;,;-F11 was at concentrations up to 25 pM, which is close to its solubil-
ity limits. Intravenous administration of UTA;,,-F11 at a dosage of 20 mg/kg resulted
in a three- to five-fold increase in urine output and a two-fold decrease in urine
osmolality compared to vehicle control rats, even under conditions of maximal
antidiuresis induced by 1-deamino-8-D-arginine vasopressin (IDAVP). UTA;,;-F11
is highly soluble in saline containing 20% dimethylacetamide and 0.6 mg/mL
NaOH. Intravenous injection of 20 mg/kg UTAinh-F11 into rats resulted in initial
plasma levels that were higher than UTA,,;,-E02 but lower from t;,, to 1 h. Urinary
levels of UTAinh-F11 are above 3 pM.

Aminocarbonitrile

One of the identified compounds from this class, UTA;;,-GO01, belongs to the ami-
nocarbonitrile butene class and exhibits significant inhibitory activity against UT-A
[43]. The aminocarbonitrile butene compounds inhibit UT-A through a noncompeti-
tive mechanism, suggesting that they do not directly compete with urea for binding
at the active site of the transporter. The ICs, values for these compounds fall within
the low micromolar range, highlighting their potency in inhibiting UT-A-mediated
urea transport. Given the role of UT-A in the kidney’s ability to concentrate urine,
aminocarbonitrile butene inhibitors may hold promise as novel diuretics.

4-Isoxazolamide

The 4-isoxazolamide class of compounds, exemplified by UTA;,,-HO1, demon-
strates potent inhibitory activity against UT-A1 [43]. The UTA;,,-HO1 compound, in
particularly, exhibits a noncompetitive inhibition mechanism with an ICs, also in the
low micromolar range. This finding indicates that the 4-isoxazolamide compounds
can bind to UT-AL1 at a site distinct from the urea binding site, effectively reducing
UT-Al-mediated urea transport.

Nitrophenyl-Thiourea

In 2015, Verkman et al. measured UT-A1 and UT-B inhibition activity of 36 thio-
urea analogs, with the goal of identifying more potent and isoform-selective inhibi-
tors, and establishing structure-activity relationships [44]. The analog set
systematically explored modifications of substituents on the thiourea including
alkyl, heterocycles and phenyl rings, with different steric and electronic features.
The analogs had a wide range of inhibition activities and selectivities. The most
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potent inhibitor, 3-nitrophenyl-thiourea, had an ICs, of ~0.2 mM for inhibition of
both UT-A1 and UT-B. Some analogs such as 4-nitrophenyl-thiourea were rela-
tively UT-A1 selective (ICs, 1.3 vs. 10 mM), and others such as thioisonicotinamide
were UT-B selective (ICs5 > 15 vs. 2.8 mM). Despite these findings, it was observed
that these compounds demonstrate poor pharmacological properties, including low
concentrations in urine and plasma as well as low solubility, rendering them unsuit-
able for further clinical development as potential new diuretics.

2,7-Bisacetamido Fluorenone

Verkman et al. found that 2,7-bisacetamido fluorenone functions as a novel inhibitor
of UT-A (ICsp = 1 pM) and UT-B (UT-B ICsy = 1.5 pM) [45]. The compound’s
structure features a symmetrical, rigid crescent shape with carbonyl and bisacet-
amido groups, which are crucial for its inhibitory effect. These inhibitors specifi-
cally bind to UT-Al in the cytoplasmic region, leading to non-competitive and
reversible inhibition of UT-A1 activity. The computational docking to a homology
model of UT-A1 suggested that the UT inhibitor binds to the UT cytoplasmic
domain at a site distinct from the presumed urea binding site, supporting a non-
competitive inhibition mechanism. Finally, analysis of inhibitor metabolism indi-
cated carbonyl reduction by reductase and subsequent base-catalyzed elimination.
Although the aforementioned inhibitors exhibit inhibitory activity in vitro, they do
not demonstrate a clear diuretic effect in vivo.

Phenylphthalazines

In 2016, Yang et al. discovered a potent small-molecule UT-B inhibitor,
Phenylphthalazines PU-1424, using an erythrocyte osmotic lysis assay [46].
PU-1424 exhibited inhibition activity on both human and mouse UT-B. The inhibi-
tion activity of PU-1424 was much stronger on human UT-B(0.02 pM) than on
mouse UT-B(0.69 pM). The inhibitory effect targets the So site of UT-B and is
reversible. However, PU-1424 did not display diuretic activity in vivo.

1,2,4-Triazoloquinoxaline

In 2018, Lee et al. discovered potent UT-Al selective inhibitor
1,2,4-triazoloquinoxaline compounds through high-throughput screening [47].
These compounds, particularly compound 8ay, rapidly and reversibly inhibited
UT-A1 urea transport through a noncompetitive mechanism, with an ICs, of approx-
imately 150 nM; in contrast, the ICs, for UT-B is around 2 pM. The inhibition of
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UT-Al-mediated urea transport was rapid, reversible, and noncompetitive, suggest-
ing an inhibitor binding site at the cytoplasmic surface of UT-A1, near but distinct
from the urea binding site.

Metabolism experiments demonstrated that the epoxidation of quinoxaline com-
pound 8ay yields a metabolically stable 7,8-difluoroquinoxaline analogue, 8bl, with
an UT-A1 ICs, of approximately 300 nM and an UT-B ICs, of 0.8 pM. Intravenous
administration of 8bl at a dosage of 4 mg/kg in rats resulted in increased urine out-
put and a decrease in urine osmotic pressure. Consequently, 8bl exhibited favorable
pharmacokinetics in rats and elicited a diuretic response.

Thienopyridine

Zhao et al. modified the thienoquinoline structure to obtain new thienopyridine
compounds that act as specific UT inhibitors. Through structural optimization, com-
pound 8n was synthesized [48, 49]. Compound 8n has an ICs, of 0.54 pM for rat
UT-B [48]. The rats that were administered 8n subcutaneously at a dosage of
100 mg/kg showed significantly increased urine output. 8n demonstrates favorable
water solubility and an appropriate Log P value. However, 8n only produced diuretic
effects when it was administered subcutaneously, without oral diuretic activity,
which limits further research.

The Thienoquinoline compound CB-20 was identified through high-throughput
virtual screening in conjunction with the erythrocyte osmotic lysis assay [49].
Molecular docking was employed to predict the potential binding modes of CB-20
with human UT-B. CB-20 exhibited comparable inhibitory activity on both UT-A1
and UT-B. Following subcutaneous administration of CB-20, the animals exhibited
polyuria without any signs of electrolyte imbalance or abnormal metabolism.
Further experiments suggest that CB-20 is unsuitable for further drug development
due to its low oral bioavailability.

Diarylamides

Oral administration is very important for long-term use of diuretics. To discover
novel UT inhibitors as oral diuretics, the Yang research group screened more than
1000 urea analogs containing hydrophobic structures and found that a series of
compounds containing diarylamide cores have strong inhibitory activity against
UT-B. The ICs, of diarylamide compound E04 is 5.4 pM [29]. Subsequently, a
series of structural modifications basing on E04 produced a good diarylamide UT
inhibitor 1H with oral diuretic activity. ICs, of 1H for human, rat and mouse UT-B
were 0.19, 0.56 and 1.60 pM, respectively. After intragastric administration of
100 mg/kg, urine output increased significantly within 2 hours, up to more than 1.5
times (Fig. 8.2a), while urine osmotic pressure decreased significantly (Fig. 8.2b),
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Fig. 8.2 Diuretic effect of intragastric administration of 1H in rats. (a) Urine output. Rats were
adapted in metabolic cages for three days. After collecting 2-h basal urine output (time 0), 1H with
a dose of 100 mg/kg was administrated intragastrically, and then urine samples were collected
every 2 h. (b) Urine osmolality of rats. (¢) Urine output of rats. Long-term diuretic effect of 1H in
rats. Rats were adapted in metabolic cages for three days, and then urine was collected for 1 day as
the basal level. 1H with a dose of 100 mg/kg was given to the experimental group by gavage 3
times a day (the first dose was doubled) for consecutive 7 days. (d) Urine osmolality of rats. (e)
Urea excretion of rats. (f) Excretion of non-urea solutes of rats

and there was no significant difference in the excretion of non-urea solutes. The
continuous administration of 1H could increase daily urine output and decrease
urine osmolality in rats without affecting blood Na*, K*, and C1~ (Fig. 8.2c—f).

In the MDCK cell model, the ICs, against rat UT-A1 of 1H was 0.097 pM, sig-
nificantly lower than the ICs, against UT-B (0.64 pM), demonstrating a strong pref-
erence for UT-A1 (Fig. 8.3a). Following administration of 100 mg/kg to UT-A1
knockout mice and UT-B knockout mice for 1 h, it was found that the urine output
increased and urine osmolality decreased significantly in UT-B knockout mice,
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Fig. 8.3 Selective inhibition activity of 1H on UT-A1. (a) ICs, of 1H on rat UT-B and UT-A1. (b)
Urine output in UT-A1 and UT-B knockout mice. Mice were adapted in metabolic cages for three
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trated intragastrically, and then urine samples were collected every 2 h. (¢) Urine osmolality in
UT-A1 and UT-B knockout mice
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Fig. 8.4 1H structural optimization leads to compound 25a with better UT inhibition activity

while there was no significant change in urine output or urine osmolality in UT-A1
knockout mice, confirming the selectivity of 1H towards UT-A1 (Fig. 8.3b, c).

Subsequent evaluation of the pharmacokinetic properties of 1H revealed good
membrane permeability and absorption in the human gastrointestinal tract using the
Caco-2 cell model. Further experiments in vivo in rats indicated that 1H had low
oral bioavailability (approximately 4.4%), which suggests that further enhancement
of 1H’s drug ability is necessary through structure optimization.

Based on 1H, Wang et al. replaced the nitro group on the furan side of 1H with
an acetyl group and obtained compound 25a (Fig. 8.4) [50]. The ICs, of 25a for
mouse and rat UT-B was 0.48 and 0.14 pM respectively. Also, 25a exhibited stron-
ger inhibition of UT-A1 than 1H. In order to study the binding interaction between
the UT-AT1 protein and 25a, a molecular docking model was utilized. UT-A1 protein
was prepared using a previously described homology model [47]. 25a can be bound
to a hydrophobic pocket (Fig. 8.5a, b) with a strong interaction at the intracellular
part of the UT-A1 protein. Compound 25a established two hydrogen bonds with the
peptide carbonyl of ASP101 and the amino group of ARG106. Additionally, the
furan ring underwent n-stacking interactions with the benzene ring of PHE 361
(Fig. 8.5¢).

Following oral administration for 7 consecutive days, 25a consistently increased
urine volume in mice without causing electrolyte imbalance. 25a inhibits UT-A1
and UT-B in the kidneys, leading to disruption of renal urea circulation and
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Fig. 8.5 Docking model of 25a and UT-Al. (a) The computational model of 25a bound to a
homology model of rat UT-A1. Grey represents the surface of UT-A. 25a is presented as balls. (b)
The binding pocket of UT-A and 25a. (¢) The interaction of Compound 25a with the UT-A protein.
Yellow: hydrogen bond; blue: -7 interaction

reduction in urine concentration function, thereby inducing diuretic effects, as illus-
trated in Fig. 8.6.

Subsequently, by assessing metabolic stability, Xu found that 25a exhibited sig-
nificantly higher stability than 1H in rat liver microsomes and rat plasma [51]. The
t;, of 25a by oral administration was 3 hours. Distribution studies showed that 25a
was widely distributed in various rat tissues, especially in those with rich blood
perfusion such as kidneys, heart, lungs, and spleen. Cumulative excretion after oral
administration indicated that 25a was predominantly excreted in urine, with smaller
fractions in feces and bile. In vitro pharmacokinetic studies demonstrated good sta-
bility of 25a in rat, mouse, and human plasma, albeit with more degradation in
whole blood and species differences. 25a demonstrates good stability in simulated
artificial gastric juice, artificial intestinal juice, and animal intestinal flora. 25a
exhibits high metabolic stability in human, dog, rat, and mouse liver microsomes,
showing resistance to five major CYP450 enzyme subtypes (1A2, 2C9, 2C19, 2D6,
3A4/5) without significant inhibitory effects. The binding rate of inhibitor 25a to
rat, mouse, and human plasma proteins is approximately 40%, indicating relatively
low binding. In safety evaluations, a test on mice at 2000 mg/kg revealed no obvious
toxicity with no fatalities.



162 H. Zhang et al.

— — f_—ézi@ -
cortex —> cortex w’——]'—.
H:0 Hz20
outer stripe | i outer stripe ' 4; :
of OM ' _H20 of OM He0
inner stripe | i l inner stripe B i l‘b
o OM E|j>> of OM B =
I Hz0 I 1—J | | H20
' H20 ! - i
[UT-BIR ELN UEEIM ‘ H20
inner -} |20 inner B & ‘
medulla <t [UT-A1/3 medulla | : U3
ee sy I ”@1

Fig. 8.6 Diagram of urea recycling in the kidney without (left) or with 25a treatment (right). Urea
flows are indicated by black arrows. Water flows are indicated by white arrows

The Therapeutic Effect of UT Inhibitors on Hyponatremia
in Animal Models

In a rat model of acute hyponatremia, during the 24 h of water loading the rats were
treated with the UT inhibitor DMTU intraperitoneally at 500 mg/kg initially and
125 mg/kg ten hours later [39]. Compared with the vehicle group, rats treated with
DMTU maintained normonatremia and did not retain water, and their urine osmo-
lality was lower than before the water load. This study suggests that DMTU, as a UT
inhibitor, has a relieving effect on hyponatremia, but the cumbersome administra-
tion method and too large dosage limit further development of DMTU.

Ying et al. determined the therapeutic effect of the UT inhibitor 25a on ascites in
a dimethylnitrosamine (DMN)-induced cirrhotic rat model (Fig. 8.7a) [52]. A dos-
age of 100 mg/kg of 25a significantly increased daily urine output and reduced the
abdominal circumference in cirrhotic rats under water intake restrictions (Fig. 8.7b,
¢). Serum osmolality, as well as sodium and potassium concentrations, were mark-
edly reduced in cirrhotic rats compared to control rats, with the administration of
compound 25a effectively reversing these alterations (Fig. 8.7d). Histological anal-
ysis and biochemical examinations indicated that 25a did not alter the degree of
cirrhosis and liver function in cirrhotic rats. This study suggests that 25a signifi-
cantly reduces ascites through diuresis without causing electrolyte imbalances in
cirrhotic rats.

Li et al. constructed models of inappropriate secretion of antidiuretic hormone
(SIADH) in rats and mice to confirm whether the UT inhibitor 25a can treat hypo-
natremia (Fig. 8.8a, b) [53]. As shown in Fig. 8.8, 100 mg/kg 25a significantly
increased serum osmolality (from 249.83 + 5.95 to 294.33 + 3.90 mOsm/kg) and
serum sodium (from 114 + 2.07 to 136.67 + 3.82 mM), respectively, in hypona-
tremic rats by diuresis (Fig. 8.8c, d). In the SIADH mouse model, serum osmolality
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Fig. 8.8 25aimproves hyponatremia in Syndrome of inappropriate antidiuretic hormone secretion
(SIADH) models. (a) Diagram of hyponatremia development in SIADH. (b) Diagram of SIADH
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and sodium were also significantly increased by 25a (Fig. 8.8e, f). These data sug-
gest 25a has a therapeutic effect on hyponatremia.

These studies provide proof of concept that UT-A1 is a diuretic target for hypo-
natremia and that UT-A1 inhibitors might be good diuretics to treat hyponatremia.

Summary and Future Directions

Currently, commonly used diuretics in clinical practice often lead to adverse reac-
tions like electrolyte imbalance [54-56]. In response, researchers are exploring
development of new diuretics targeting UT-A1. However, there are currently no
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approved UT-A1 inhibitors for clinical use. Several challenges exist in the research
and development of UT inhibitors. The structural similarity between UT-B and
UT-A1 poses difficulties in finding highly selective UT-A1 inhibitors. Additionally,
the lack of a resolved crystal structure for UT-A1 hampers the development of
structure-based UT-A1 inhibitors. The search for orally active UT inhibitors with
high bioavailability presents a bottleneck in new diuretic development. In the future,
with advancements in the structural analysis of UT-A1, structure-based drug screen-
ing, and compound optimization techniques, along with progress in pharmacology,
medicinal chemistry, pharmacokinetics, and pharmaceutics, the successful develop-
ment of a new class of diuretics targeting UT-A1 is imminent. Novel UT-A1 inhibi-
tors as diuretics hold promise for treating hyponatremic edema-related conditions
such as congestive heart failure, cirrhosis, ascites, and nephrotic syndrome.
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Chapter 9 ®
Urea Transport Mediated by Membrane Qaestie
Proteins of Non-urea-Transporters

Minghui Wang, Weidong Wang, and Chunling Li

Abstract Urea is generated by the urea cycle enzymes, which are mainly in the
liver but are also ubiquitously expressed at low levels in other tissues of mammals.
Urea is then eliminated through fluids, especially urine. Urea also serves as a readily
available nitrogen source for the growth of many organisms, including plants and
bacteria. Urea transporters are recognized as the primary membrane proteins
responsible for urea transport in organisms. However, an increasing body of studies
has identified additional membrane proteins in animals, plants, and microbes that
exhibit urea transport capabilities or potential. The contribution of these membrane
proteins to the maintenance of physiological homeostasis and their interactions with
urea transporters remains to be fully elucidated. In this chapter, transport, character-
istics, regulation, as well as cellular localization of non-urea-transporter membrane
proteins facilitating urea transport, are reviewed to highlight their roles in physiol-
ogy and pathophysiology. Specifically, the mammalian aquaporins AQP3, AQP6,
AQP7, AQP8, AQP9, AQPI10, and a sodium-glucose transporter (SGLT1) in the
kidney are permeable to urea. In plants, tonoplast intrinsic proteins (TIPs), a mem-
ber of aquaporin family, and the DUR3 orthologue, potentially play roles in low-
and high-affinity urea transport, respectively. Two urea transporters pH-independent
(Yut) and pH-dependent transporters (urel) in bacteria are known to play roles in
disease conditions.

Keywords Aquaporin - Urea transporter - DUR3 - Urel

M. Wang - C. Li (0<)

Department of Physiology, Zhongshan School of Medicine, Sun Yat-sen University,
Guangzhou, China

e-mail: lichl3@mail.sysu.edu.cn

W. Wang
Department of Pathophysiology, Zhongshan School of Medicine, Sun Yat-sen University,
Guangzhou, China

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 167
B. Yang, J. M. Sands (eds.), Urea Transporters, Subcellular Biochemistry 118,
https://doi.org/10.1007/978-981-96-6898-4_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-6898-4_9&domain=pdf
https://doi.org/10.1007/978-981-96-6898-4_9#DOI
mailto:lichl3@mail.sysu.edu.cn

168 M. Wang et al.

Urea, the end product of protein metabolism, is synthesized in the liver from ammo-
nia and excreted by the kidney, serving as a non-toxic carrier of waste nitrogen.
Ammonia accumulation leads to mitochondrial permeability transition and ulti-
mately cell death [1]. When healthy individuals consume 0.33 g of protein nitrogen
per kilogram of body weight (BW**) daily, they excrete urea nitrogen at a rate of
10 ~ 15 mg per hour per kilogram of BW** [2].

In addition to being removed as metabolic waste, passive transport of urea
through urea transporters contributes significantly to the osmotic pressure gradient
from the renal cortex to the medulla, in conjunction with NaCl [3-5]. The distribu-
tion of urea in renal medullary tissue can reach up to 600 mOsm/kg through coun-
tercurrent exchange mechanism [3-5]. In the inner medullary collecting ducts, urea
transporters facilitate the swift equilibration of urea between the luminal space and
the interstitium [6]. Regarding the accumulation of urea in the medullary intersti-
tium, the concentration of urea is influenced by a recycling process. During this
process, urea is initially freely filtered by the glomerulus, then reabsorbed in the
proximal tubule, followed by secretion into the thin descending limb of the Loop of
Henle, and finally reabsorbed in the inner medullary collecting duct [7, 8].This
mechanism plays a crucial role in avoiding water loss driven by the elevated urea
concentrations within the urine [9].

Urea transporters (UTs) are recognized as the primary membrane proteins
responsible for urea transport in organisms. However, an increasing body of studies
has identified additional membrane proteins in animals, plants, and microbes that
exhibit urea transport capabilities or potential. The contribution of these membrane
proteins to the maintenance of physiological homeostasis and their interactions with
UTs remain to be fully elucidated.

This chapter aims to provide a comprehensive overview of urea-permeable mem-
brane channels other than the UT family. The discussion will focus on the discovery,
distribution, functional roles, and transport mechanisms of these transporters. The
unique characteristics and contributions of these channels to urea transport across
cellular membranes will also be reviewed.

Urea Transport Mediated by Aquaporins in Mammals

Water permeation across cellular membranes is undeniably the primary function of
aquaporins (AQPs), but some of these proteins also play a role in facilitating the
transport of other solutes and gases. Certain AQPs demonstrate significant versatil-
ity by enabling the movement of various small non-water molecules, such as glyc-
erol, hydrogen peroxide (H,O,) [10], urea [11], nitric oxide (NO) [12], ammonia
(NH;) [13], nitrate (NO;™) [14], or carbon dioxide (CO,) [13]. Notably, while
in vitro studies and molecular dynamics simulations have confirmed AQP-mediated
transport of urea, NH;, NO;~, and NO, the physiological significance of this trans-
port is still largely unknown. In contrast, the transport of other solutes by AQPs has
been shown to contribute, at least in part, to metabolic and regulatory processes [15].
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General Features of Aquaporins

The existence of water channel proteins was predicted in the 1950s, but their molec-
ular identity remained unknown until Peter Agre and his colleagues discovered a
water channel protein in 1988 [16—18]. They purified this protein from the red blood
cell membrane [19], with a non-glycosylated component of 28 kDa and a glycosyl-
ated component of 35 ~ 60 kDa. This protein was initially called “CHIP28”
(channel-like integral protein of 28 kDa), later renamed aquaporin-1 (AQP1) [20,
21]. AQPs are found in membranes requiring rapid or regulated water passage,
essential for cell and membrane functions. They alleviate osmotic stress from ion
movement in signal transduction, energy production, and other cell activities [21].

To date, 13 water channels, AQPO through AQP12, have been identified, which
distribute extensively in human tissues (Table 9.1), implicating important physio-
logical significance in humans. Based on the primary sequences, AQPs are subdi-
vided into three subfamilies: aquaporins; aquaglyceroporins; and superaquaporins
(Table 9.1). The first subfamily are the aquaporins, the water selective or specific
water channels, also named “orthodox” or “classical” aquaporins, including AQPO,
AQP1, AQP2, AQP4, AQP5, AQP6, and AQPS. The second subfamily is represented
by aquaglyceroporins, including AQP3, AQP7, AQP9, and AQP10 [22]. They are
permeable to water (to varying degrees), but also to other small uncharged mole-
cules (ammonia, urea, and in particular, glycerol) [22]. They also facilitate the dif-
fusion of charged and non-charged molecules of the metalloids, arsenic and
antimony, and play a crucial role in metalloid homeostasis [23]. The third subfamily
included AQP11 and AQP12 and is called “superaquaporins” [24]. Their NPA
boxes, however, are quite different from those of previous AQPs (less than 20%
homology at the amino acid level) [25].

All members of the AQP family are small, very hydrophobic, intrinsic membrane
proteins. The amino acid sequences of human AQPs are approximately 30 ~ 50%
identical. AQP family proteins have six membrane spanning helices connected by
five loops and have intracellular N- and C-termini (Fig. 9.1a) [26-29]. Loops B and
E feature short helical subunits that penetrate the plasma membrane, and interact
with each other at highly conserved Asn-Pro-Ala (NPA) repeats, which are the sig-
nature sequences for AQPs (Fig. 9.1a). The six transmembrane domains, and B and
E loop helices, form a compact channel, with the interacting NPA repeats marking
its narrowest point (Fig. 9.1a). The AQPs also share another highly conserved
sequence, the aromatic/arginine (ar/R) region, which exits at the extracellular side
of the channel and constitutes the selectivity filter of the protein (Fig. 9.1b) [30].

In addition to their well-established function in water transport, aquaporins
exhibit a remarkable versatility by facilitating the translocation of small, predomi-
nantly uncharged molecules such as glycerol, urea, ammonia, and even certain
gases like carbon dioxide.
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Table 9.1 Mammalian aquaporins

locus | Exon

Organ expression Chromosome numbers | Transport

Aquaporin

Eye 12q13 4 Water AQPO

Brain, eye, kidney, | gland, liver, | 7p14 4 ‘Water AQP1

heart, lung, ovary,

gastrointestinal testis,

tract, salivary muscle,

erythrocyte,
spleen

Kidney, ear, ductus deferens 12q13 4 Water AQP2

Brain, kidney, muscle 18q22 4 ‘Water AQP4

salivary gland,

heart,

gastrointestinal

tract,

Salivary gland, lung, 12q13 4 Water AQP5

gastrointestinal tract, ovary, eye,

kidney

Brain, kidney 12q13 4 Water, | anion AQP6
urea
(),

Testis, liver, pancreas, ovary, 16q12 6 Water, | ammonia A AQPS8

lung, kidney urea
(),

Aquaglyceroporins

Kidney, heart, respiratory | 9pl3 6 Water, | glycerol, | AQP3

ovary, eye, salivary | tract, brain, urea, |ammonia

gland, erythrocyte,

gastrointestinal fat

tract,

Testis, heart, kidney, ovary, fat 9pl3 6 Water, | glycerol, | AQP7
urea, |ammonia

Liver, spleen, testis, ovary, 15q22 6 Water, | glycerol | AQP9

leukocyte urea,

Gastrointestinal tract 1921 6 Water, | glycerol | AQP10
urea,

Superaquaporins

Testis, heart, kidney, | leukocytes, | 11q13 3 Water? AQPI11

ovary, muscle, liver, brain

gastrointesti nal

tract,

Pancreas 2q37 3 Unknown AQP12

Ishibashi et al. Euro biophysic J, 2012; Litman et al. Handb Exp Pharmacol. 2009

»

Fig. 9.1 (continued) that resembles an “hourglass.” (Reproduced from Ref. [31] with permission).
(b) A cartoon representation of the consensus monomer of AQP7. Residues of the ar/R selective
filter and NPA motifs are shown as sticks with corresponding cryo-EM density maps in gray.
Transmembrane domains are represented by 1-6 while the two half helices by HX1 and HX2, and
loops by A-E. (Image source: Huang et al. [30]. Shared under the CC BY 4.0 License. http://cre-
ativecommons.org/licenses/by/4.0/. No modifications were made)
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(a)

Extracellular

Intracellular

selective filler

Fig. 9.1 Secondary structure and topology of an aquaporin molecule. (a) AQPs have six
membrane-spanning regions, both intracellular amino and carboxy termini, and internal tandem
repeats. The tandem repeat structure with two NPA sequences form tight turn structures that inter-
act in the membrane to form the pathway for translocation of water across the plasma membrane.
Of the five loops in AQP1, the B and E loops dip into the lipid bilayer, and form “hemichannels”
that connect between the leaflets to form a single aqueous pathway within a symmetric structure
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Permeation of Urea by AQP3 and the Physiological Significance

In an early investigation, Xenopus laevis oocytes expressing human AQP3 were
used as a positive control for urea and glycerol uptake, and human AQP1 was used
for a negative control. After 10 min of incubation with 1 mM ['“C] urea, about
70 pmol of urea per oocyte was found in the AQP3 group on average, almost seven
fold higher than that in the AQP1 group [32]. Urea uptake in Xenopus oocytes
expressing rat AQP3 increased two fold after 30 min of treatment with [*C] urea
[24], and the degree of swelling tripled [33]. These studies indicate a potential role
of AQP3 in urea transport.

Subsequent research revealed divergent findings on the potential of AQP3 to
function as a urea channel [34, 35]. Although structural predictions and experimen-
tal validations indicate that AQP3 can transport urea, some studies suggest that
AQP3 exhibits low efficiency in transporting urea. The addition of urea (1 mM) to
AQP3-expressing oocytes caused an intracellular urea concentration of ~75 pM
after a 10 min incubation. The oocytes remained significantly far from equilibrium
(~10% of the expected equilibrium value), indicating that urea transport through
AQP3, although present, was markedly slow [32, 36]. The concentration of urea is
also a potential influencing factor for AQP3-expressing oocyte swelling and solute
equilibrium. In conditions with a low urea concentration (20 mM) [34, 35], urea
transport by AQP3 can hardly be detected [36], while when urea was 165 mM [24,
33], AQP3 in Xenopus oocytes increased urea uptake two-fold after 30 minutes [24],
or threefold in oocyte swelling assays [33].

AQP3 appears to play a role in urea transport in the skin. AQP3 contributes to the
net uptake of urea by keratinocytes. Some research suggests that uptake of urea
through UTs and AQP3 improves epidermal barrier function and plays an important
role in keratinocyte differentiation, lipid synthesis, and maintenance of epidermal
homeostasis (Fig. 9.2) [37-39].

Permeation of Urea by AQP7 and the Physiological Significance

AQP7 and AQP9 were reported to transport urea (Table 9.1). In pancreas, urea (or
glycerol) can activate beta cells via rapid uptake across the beta-cell plasma mem-
brane, probably via AQP7, resulting in cell swelling, volume-regulated anion chan-
nel activation, electrical activity, and insulin release [40].

In the kidney, it has been proposed that the urea that is reabsorbed from thick
ascending limbs enters the neighboring proximal straight tubules [41]; thus, com-
plete urea recycling occurs between the descending limbs and ascending limbs of
the loop of Henle, with AQP7 acting as a component of the pathway for urea in
proximal straight tubules [42]. However, plasma and urine urea levels in AQP7
knockout mice do not differ from those in wildtype mice [43, 44], and there was
also no difference between AQP7 knockout and wildtype mice in the urea content
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Fig. 9.2 Proposed mechanism of AQP3 function in epidermis. AQP3 facilitates water and glycerol
transport from blood and sebaceous glands to keratinocytes. Steady-state glycerol content in epi-
dermis and stratum corneum maintains skin hydration, lipid metabolism, and biosynthesis. AQP3-
mediated transport of water and glycerol is also involved in proliferation and differentiation of
keratinocytes. UT-A1, UT-A2, and AQP?3 facilitate urea uptake in skin, which may induce kerati-
nocyte differentiation and improve barrier and antimicrobial defense function of skin. Urea trans-
porter (UT)

of the papilla. To detect small differences in urea levels, a low-protein diet, which
limits the urea supply to the kidney, was provided. AQP7 knockout mice did not
show impairment in urea accumulation in the papilla even with dehydration when
compared with wildtype mice. They also did not show a urine concentrating defect
with a low-protein diet and dehydration. Therefore, so far, there is no evidence that
AQP7 plays a role in urea recycling in the kidney in vivo.

Permeation of Urea by AQP9 and the Physiological Significance

The erythrocyte expresses the urea transporter UT-B [45] and the urea-permeable
AQP9 [46]. The ability to transport urea would mitigate osmotic shrinkage of eryth-
rocytes while passing through the kidney, although AQP9 in erythrocytes may func-
tion more for the passage of glycerol.
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AQP9 is a urea-permeable protein that is localized at the basolateral membrane
of hepatocytes [47]. Ketogenic and high-protein diets, which are associated with
increases in plasma p-hydroxybutyrate and urea levels, respectively, do not alter
AQP?9 levels in rat liver [48], indicating that urea transport is not the primary func-
tion of AQP9 in the liver. Consistently, AQP9 null mice do not show any difference
in plasma or tissue urea levels [49]. A previous study on respective AQP9 knockout
and UT-A1/3 knockout, as well as AQP9/UT-A1/3 double knockout mice, showed
that an unidentified UT-A urea channel constitutes a primary but redundant urea
facilitated transporter in murine hepatocytes, in addition to AQP9, for the export of
urea to the blood [50]. This suggests that a primary function of AQP9 may be to
make glycerol available for gluconeogenesis in hepatocytes, but not to contribute to
the removal of urea from the liver.

The ability of AQP9 to transport urea in skin has been reported [51]. AQP9 trans-
ports water, glycerol, and urea, but also is permeable to a wide range of other solutes
in oocytes [52].

Permeation of Urea by AQP10

AQP10 is only found in the small intestine. Initial studies in Xenopus oocytes deter-
mined that the shorter form of AQP10 has a low water permeability and no perme-
ability to urea or glycerol [53], while the longer form transports water, urea, and
glycerol [54]. The function and regulation of AQP10 in urea transport is less exten-
sively studied.

Permeation of Urea by AQP8 and the Physiological Significance

AQPS8’s expression is markedly robust in the gastrointestinal organs, placenta, and
heart, highlighting its physiological significance in these tissues [55, 56]. At the
subcellular level, AQPS is localized on the cell membrane and mitochondria [57]. It
is still controversial regarding whether AQPS functions as an urea channel. Early
findings showed that AQP8 from mouse is the first aquaporin that is permeable to
urea but not to glycerol [55]. In this work, mouse AQPS holds a distinctive position
among water channels due to its unique permeability characteristics and expression
profile. Ten minutes uptake rate of urea in Xenopus oocytes expressing AQPS
reached around 25%, much higher than a negative control (AQP1) but less than a
positive control (AQP3). This channel’s selective permeability underscores its
potential role in hepatocyte urea excretion. However, other investigations found that
neither rat AQP8 nor human AQP8 could transport urea [58]. Researchers suggest
that the species-specific differences in the permeability of AQP8 to urea may be
attributed to variations in the amino acid residues at the ar/R filter (G207 in humans;
A205 in mice) [36, 58].
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Permeation of Urea by AQP6

Although AQP6 has been classified an orthodox aquaporin, an early study found out
that AQP6 could be functionally characterized as an aquaglyceroporin [59]. AQP6
expressed in Xenopus laevis was permeable to neutral hydrophilic molecules such
as glycerol and water [59].

Mercurials are known to inhibit the osmotic water permeability of most aquapo-
rins, including AQP1, likely through binding to the residue Cys-189 of AQP1 [60]
and occluding the pore [61-63]. Interestingly, AQP6 has a cysteine residue
(Cys-190) [64] at the corresponding position to the Cys-189 in AQP1, and unlike
other aquaporins, Hg?* does not inhibit AQP6 but activates it instead [59, 65, 66]. A
recent study using molecular dynamics (MD) simulations revealed that mercury
ions activated AQP6 by binding to a pore-external cysteine residue, Cys-155 [67].
The pore opening of AQP6 was caused by mercury-induced conformational changes
of residues His-181 and Arg-196 in the selectivity filter region in AQP6 [68].

Permeability to glycerol and urea is relevant to water transport by AQP6. Hg?
opened a pathway in AQP6 to allow glycerol and urea to pass through. However, the
activation effect of Hg?*-induced uptake rate of glycerol and urea in native or AQP1-
expressing oocytes was much lower than that of oocytes expressing AQP6 [59]. This
study implied that water, glycerol and urea shared the same pathway in AQP6, since
their reflection coefficients were far less than 1 [59]. This early study indicated a
selectivity of AQP6 to urea, however, it needs to be independently replicated and the
physiological significance of urea permeability of AQP6 remains to be determined.

Although there is no evidence showing that aquaporins play dominant roles in
urea transport in normal conditions so far, it is still unknown whether aquaporins
coordinate with UTs in transporting urea in pathophysiological conditions.

The Structural Basis for Urea Selectivity by AQPs

Using real-time molecular dynamic simulations of water movement through human
AQP1, a two-stage filter model was proposed, in which the NPA motif forms a
selectivity-determining region, and the aromatic/arginine (ar/R) region functions as
a proton filter [61]. The ar/R region in AQP is the selectivity filter for uncharged
solutes. Small solutes are filtered through a hydrophobic effect. For larger solutes
such as glycerol, steric restraints combined with the arrangement of hydrogen bond
donors and acceptors determine channel selectivity. Conformational changes of
AQP structure may permit other molecules to pass through the plasma membrane,
such as urea, glycerol, H,0O,, and CO,.

Two structurally conserved features within the channel have been identified as
critical filters that prevent the transport of solutes larger than water, as well as pro-
tons. The first feature, a central constriction, is defined by the presence of the Asn-
Pro-Ala motif (NPA constriction). Molecular dynamics and quantum mechanical



176 M. Wang et al.

simulations have extensively demonstrated that the free energy barrier at the NPA
constriction plays a vital role in proton exclusion [69].

Another predominant part of the channel constriction, referred to as the aro-
matic/arginine (ar/R) selectivity filter, contains a conserved arginine residue (in the
second helical loop directly after the NPA motif). This constriction, close to the
extracellular entrance of the pore, is the narrowest region in the AQP1 pore. The
ar/R constriction is characterized by a highly conserved triad of residues: phenylala-
nine, histidine, and arginine, which is a hallmark of orthodox aquaporins [61, 69].
The ar/R region in AQP is the selectivity filter for uncharged solutes. Small solutes
are filtered through a hydrophobic effect [70].

In orthodox aquaporins, additional elements of the filter include a phenylalanine
residue situated on the upper portion of the pore-facing side of the second a-helix
and a histidine located in a comparable site within the fifth transmembrane helix. In
contrast, for AQPs that allow glycerol and urea to pass, the histidine residue is sub-
stituted by a smaller amino acid residue, such as glycine (as seen in AQP3, AQP7,
AQP10) or alanine (as in AQP9) [36].

The negatively charged residues of arginine repel positively charged ions, con-
tributing to the channel’s selectivity for specific substances. Beyond this electro-
static exclusion, pore selectivity appears to be primarily based on the size exclusion
of permeating entities. The ar/R constriction in conventional AQPs has a diameter
that matches the size of a water molecule [62]. However, in solute channels like
aquaglyceroporins, this constriction is broader and exhibits reduced polarity [71,
72]. This difference arises from the substitution of histidine with glycine, which
allows space for an aromatic side chain from an adjacent tyrosine or phenylalanine
residue [72]. Targeted site-directed mutagenesis of the ar/R region in AQPs can be
instrumental in elucidating the role of the ar/R constriction in determining solute
selectivity within AQPs [73]. Researchers investigated the functional roles of three
key residues—Phe-56, His-180, and Arg-195—within the ar/R constriction of rat
AQPI. Through site-directed mutagenesis, His-180 was substituted with alanine
(AQP1-H180A) and Arg-195 with valine (AQP1-R195V), either individually or in
combination (AQP1-H180A/R195V). These mutations did not alter the channel’s
water permeability. Notably, the AQPI1-H180A/R195V double mutant exhibited
urea permeability. Simultaneous substitution of Phe-56 and His-180 with alanine
(AQP1-F56A/H180A) increased the maximum diameter of the ar/R constriction
approximately threefold, thereby permitting the passage of both glycerol and urea.
Furthermore, all four AQP1 mutants tested facilitated ammonia permeation.
Contrary to expectations, the removal of the positive charge at Arg-195 in the AQP1-
R195V and AQPI-HI80A/R195V mutants appeared to be proton permeable.
Collectively, these findings underscore the critical role of the ar/R constriction as a
selective barrier for solute permeability.
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The SLC6A18 Transporter Is Probably a Sodium-Dependent
Glycine/Urea Antiporter

SLC6A18 has been identified as an apical sodium-dependent transporter for glycine
[74]. The latest research further suggests that this transporter functions as a sodium-
dependent antiporter, facilitating the exchange of urea and glycine [75]. The study
identifies the SLC6A18 transporter as a potential Na-dependent glycine/urea anti-
porter located in the proximal straight tubule (PST) of the kidney, which is believed
to be responsible for the active secretion of urea into the nephron. The study sug-
gests that the energy-dependent transport of urea by SLC6A18 is essential for main-
taining the high urea concentration gradient necessary for efficient urine
concentration in mammals [75].

The proposed model for the SLC6A18 transporter describes a mechanism by
which this protein facilitates the exchange of urea and glycine in the PST cells of the
kidney. Glycine is initially absorbed from the blood into PST cells via the peritubu-
lar membrane, likely through the glycine transporter SLC6A9, which is critical for
maintaining intracellular glycine levels and the subsequent exchange process. As an
exchange, urea is secreted into the tubular lumen while glycine is reabsorbed into
the cells, which is mediated by SLC6A18. Once glycine exits into the luminal mem-
brane, it is suggested that it is rapidly reabsorbed back into the cell, although the
mechanism is still under investigation. The permanent recycling of glycine is cru-
cial for sustaining the transporter’s function, ensuring a continuous supply of gly-
cine for exchange with urea. Although not fully understood, it is probable that urea
enters the PST cells from the basolateral side, potentially driven by the concentra-
tion gradient created by its continuous efflux on the luminal side via SLC6A18.
Interestingly, the SLC6A18 transporter is also expressed in the thin descending limb
of long-looped nephrons, indicating that this protein might contribute to urea han-
dling in other parts of the kidney. This energy-dependent urea secretion mechanism
plays a role in concentrating urine in some species adapted to arid environments.

The identification of SLC6A18 as a glycine/urea antiporter offers a new under-
standing of kidney function, particularly in the context of protein metabolism and
its effects on kidney health. It also provides insights into how dietary protein intake
can influence kidney function through its effects on urea handling, highlighting the
importance of considering urea transport mechanisms in managing kidney health.

SGLT1 and NaGLT1

In the inner medulla (IM), several structures—including descending thin limbs
(DTLs) and ascending thin limbs (ATLs) of Henle’s loop, collecting ducts, and the
vasa recta—collectively establish the osmotic gradient, with NaCl and urea serving
as key osmolytes. Despite the well-established role of urea accumulation in the IM
in promoting water conservation, the precise mechanisms by which these
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components interact to regulate urine concentration remain inadequately under-
stood [76, 77]. Notably, urea permeability is exceptionally high in ATLs and lower
in DTLs within the IM in rat kidneys [78]. However, no specific urea transporter has
been identified in these tubular segments.

Interestingly, an early study by Leung et al. proposed that rabbit Na*-glucose
cotransporter (rbSGLT1), the rat Na*-iodide cotransporter, human Na-Cl-GABA
transporter 1, and pig low-affinity SGLT3 are permeable to urea [79]. In oocytes
expressing rbSGLT1, urea transport increased four-fold in the absence of sugar.
This uptake was Na*-independent and exhibited a linear relationship with both incu-
bation time and increasing urea concentrations. Urea uptake was inhibited by the
rbSGLT 1-specific inhibitor phlorizin in the presence of NaCl, while phloretin inhib-
ited uptake regardless of Na* presence. Interestingly, urea uptake was unaffected by
urea analogues, but sugar addition enhanced urea transport, proportional to the Na*-
glucose-H,O cotransport rate. These findings indicated that in the absence of sub-
strates, tbSGLT1 functioned as a urea channel, and under substrate-transporting
conditions, it acts as a urea cotransporter.

Nawata et al. discovered some alternative channels permeable to urea within the
rat inner medulla, which may play a contributory role in facilitating the high urea
permeability of thin limb segments [80]. Rats that underwent water restriction for
72 h displayed increased mRNA levels of SGLT1a (a variant of SGLT1) in ATLs
and elevated Na*-glucose transporter 1 (NaGLT1) mRNA expression in both ATLs
and DTLs. Heterologous expression of these transporters in Xenopus oocytes facili-
tated the ['*C] urea uptake ratio. In Na*-free ND96 medium, NaGLT1 and SGLT1a
increased ['C] urea uptake into oocytes by twofold compared to water-injected
controls, with similar results observed in Na-containing conditions. Phloretin or
phloridzin significantly inhibited this urea transport, reducing it to levels compara-
ble to those in control oocytes. However, unlike rabbit SGLT1 [79], the urea perme-
ability of SGLT1a and NaGLT1 were Na independent and could be impaired by
phloretin and/or phloridzin.

The physiological relevance of these multifunctional transporters remains
unclear; however, it is conceivable that they may function as urea channels in cel-
lular contexts where UTs are absent.

Urea Transport in Plants

Nitrogen is an important nutrient for higher plants and urea is a major nitrogen fer-
tilizer, and it is also a naturally occurring and readily available nitrogen source in
soil. Urea is also a plant metabolite derived either from root uptake or from catabo-
lism of arginine by arginase. Various molecular players responsible for plant urea
metabolism have been investigated including active and passive urea transporters,
the urease catalyzing the hydrolysis of urea, and urease accessory proteins. This
section of the chapter focuses on the transporters involved in plant urea transport.
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Passive Transport of Urea in Plants
Aquaporin in Plants

Passive urea transport in plants, depending on the urea concentration gradient, is
mediated by some subfamilies of the aquaporins. AQPs are critical for plants to
maintain water homeostasis when facing abiotic and biotic stresses, such as cold,
drought, salinity, nutritional imbalances, heavy metal and pathogen infections [81,
82]. Hundreds of AQPs have been discovered in plants [82], which have shown a
large diversity in isoform, subcellular location and substrate. In plants, AQPs are in
the plasma membrane and tonoplast, and play important roles in facilitating the
transmembrane transport of water and regulating osmotic potential and hydraulic
conductivity [81, 82]. In addition to facilitating water transport, these AQPs also
facilitate transporting other small neutral molecules, such as urea, NH;, CO,, lactic
acid, H,0O,, and other molecules with physiological significance [81, 83].

These AQPs are sub-divided into several sub-families in which plasma mem-
brane intrinsic proteins (PIPs) and tonoplast intrinsic proteins (TIPs) are the most
abundant AQPs in the plasma membrane and tonoplast [81, 83]. Several other AQPs
include the Nodulin26 (Nod26)-like intrinsic proteins (NIPs) [84], small basic
intrinsic proteins (SIPs) [85] and uncategorized X intrinsic proteins (XIPs) [86],
which are located in the plasma membrane or organelle membrane, respectively.
PIPs are the major water transport channel and SIPs have a moderate activity to
transport water. TIPs facilitate the transport of water and other small solutes in mul-
tifaceted vacuoles [87]. NIPs and XIPs are also involved in the transport of water
and many other solutes [87]. The hybrid intrinsic proteins (HIPs) and the glycerol
facilitator (GlpF)-like intrinsic proteins (GIPs) are present exclusively in moss
[88-90]. HIPs and GIPs are absent in higher plants and are supposed to be lost dur-
ing evolution [87].

Aquaporins Mediating Urea Transport in Plants

Studies on AQPs as urea transporters in plants are very extensive and have been
reviewed comprehensively [87, 91-95]. Urea is a small uncharged solute that easily
passes through the vacuolar membrane and endo-membrane via TIPs. TIPs likely
function as urea transporters more than as water channels. This indicates that TIPs
may affect urea levels by altering their uptake and translocation into vacuoles. The
first identified urea-transporting TIP in plants is from the tonoplast of tobacco cells,
named Nicotiana tabacum NtTIPa. When expressed in Xenopus laevis oocytes,
NtTIPa show a high permeable to small non-electrolytes like glycerol and urea, in
addition to water [96]. The urea permeability of plasma membranes is generally
lower than that of the tonoplast, which correlates with the high urea transport rates
in some TIPs compared to PIPs [96]. Later studies showed a plasma membrane PIP,
NtAQPI1 from tobacco, could transport urea, as could At-NIP6.1 [93, 97, 98].
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During urea transport, an increasing pore diameter of AQP and specific residues are
required for urea conduction [93, 98, 99].

Comprehensive studies subsequently revealed the role of AQPs in transporting
urea. NtAQP1 ZmPIP1-5b that was isolated from maize hybrid F2F7 also exhibited
urea transport activity in the Xenopus oocytes system [100]. Almost all of the sub-
groups of Arabidopsis TIPs were reported to facilitate urea transport, including
AtTIP1;1, AtTIP1;2, AtTIP1;3, AtTIP2;1, AtTIP4;1, and AtTIPS;1 [101-103], indi-
cating the role of TIPs in equilibrating urea concentrations between different cellu-
lar compartments [93]. Several members of PIPs and TIPs were determined to
facilitate urea transport with a linear concentration dependency [96, 102]. Therefore,
PIPs in plants may contribute to urea import with increasing concentrations of exter-
nal urea, serving as a low-affinity uptake urea transporter, while TIPs would allow
plant cells to load urea into the vacuole for transient storage of this nitrogen source
[104]. Moreover, AtTIP1;3 and AtTIPS;1 were suggested as the water and urea
channels in mature pollen and responsible for nitrogen remobilization in Arabidopsis
[103, 105]. The AtTIP4;1 overexpression in Arabidopsis was reported to increase
the urea uptake rate without causing detectable defects to plant growth and develop-
ment [106]. NIPs showed urea permeability too. ZmNIP2;1, ZmNIP2;4, AtNIP5;1,
AtNIP6;1, and CsNIP2;1 showed urea transport ability when expressed in Xenopus
oocytes or yeast [98, 107, 108] and CsNIP2;1 from Cucumis sativus is shown to
facilitates urea uptake when expressed in Arabidopsis thaliana [108].

High Affinity Active Transport of Urea in Plants

No sequence homologies of mammal UT-type and Urel (an integral membrane pro-
tein in H. pylori that mediates urea transport, see below) are found in any plant
genome. However, plants possess a high affinity secondary active urea transporter
that is responsible for taking up environmental urea and internal urea transport in
addition to passive transport of urea. DUR3 (degradation of urea), a plasma
membrane-localized transporter, was first characterized as a high affinity urea/H+
symporter for urea uptake [109, 110], which belongs to the sodium-solute sym-
porter family. It was found by a genome-wide in silico search in which the
Arabidopsis thaliana gene At5g45380 encodes an integral membrane protein con-
sisting of 694 deduced amino acids [110]. AtDUR3 showed 41% sequence identity
to the putative yeast urea transporter gene SCDUR3 [110]. Subsequent functional
studies through yeast phenotype complementation and oocyte overexpression and
kinetic analysis confirmed that atDUR3 was a proton symport-based urea trans-
porter with high-affinity [109, 110].

DURS3 are present throughout the green lineage from algae [111] to higher plants,
mostly encoded by single copy genes [112], such as rice and maize [113, 114]. In
some algae and fungi DUR3 shows a higher number genes, which may enable them
utilize urea in a more sophisticated nitrogen environment [115, 116]. All DUR3
proteins from fungi and plants share a relatively high sequence homology (with
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38 ~ 95% sequence identity), but are clearly separated from mammalian and bacte-
rial solute symporter family members [104, 112, 116]. AtDUR3 is predicted to con-
tain 14 transmembrane domains with the N- and C- termini protruding into the outer
side of the membrane [82]. In Arabidopsis roots, atDUR3 can sustain up to 90% of
urea influx in the high-affinity range against a urea concentration gradient, while
aquaporins mediate urea influx in the low-affinity range by diffusion [109, 110].

DUR3 may be differentially regulated by various stresses. The expression of the
AtDUR3 gene is high during nitrogen starvation and can be repressed after resupply
of NH,*" or NO;™; also it can be dramatically induced after resupply of urea [109].
Interestingly, different DUR3 transcript abundances in tomato showed a difference
in nitrogen use efficiency [117]. A recent study demonstrated that besides urea
acquisition and N-remobilization, CaDUR3 in coffee plants is differently regulated
by water deficit, heat stress, salinity or infection [118]. In Arabidopsis atDUR3 is
also regulated by the life phase and nutrient conditions, which is of significance in
crop productivity [92, 119]. The latest evidence indicates that DUR3 is involved in
nitrogen redistribution from leaves to panicles of rice during heading, and contrib-
utes to rice yield under nitrogen-deficient and field conditions [114].

Urea Transport in Bacteria

Urea is used by bacteria and fungi as a nitrogen source. Urea is hydrolyzed by the
cytoplasmic ureases, producing bicarbonate and ammonia. Many prokaryotes syn-
thesize energy-dependent transport systems for urea uptake, although urea is small
and uncharged and easily passes the bacterial membrane. When present in high
concentrations, sufficient urea crosses the cytoplasmic membrane by passive diffu-
sion, while under conditions of nitrogen starvation an energy-dependent urea uptake
system is synthesized in microorganisms.

In early 80’s, the glycerol facilitator, GIpF, was found to allow the entry of poly-
ols (glycerol and erythritol), urea, glycine into the E. coli under osmotic stimulation
[120]. After that, more specialized transporters have been characterized including
those active, energy-dependent uptake systems in Methylophilus methylotrophus
[121], cyanobacteria [122] and Corynebacterium glutamicum [123, 124] and those
facilitating urea diffusion in Helicobacter pylori (H. pylori) [125, 126], Bacillus
cereus [127] and Yersinia pseudotuberculosis [125].

The first type is an ATP-activated urea transporter [128], which is an ABC (ATP-
binding cassette) transporter that couples urea uptake directly to ATP hydrolysis
[121-124]. These ABC-transporters consist of a urea binding protein delivering
urea to the transporter, which is tied to the cytoplasmic membrane/transporter or
located in the periplasm of bacteria [129, 130]. The other component of ABC trans-
porters are transmembrane domains embedding in lipid bilayers to form transloca-
tion channels and nucleotide-binding domains for ATP hydrolysis [130, 131].

The second class of urea transporter in bacteria includes pH-independent and
pH-dependent transporters. In Y. pseudotuberculosis Yut is a pH-independent
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protein that is homologous to mammalian urea transporter, with a sequence identity
to human UT-B [132]. The yut gene locates near the urease locus and encodes a
putative membrane protein with weak homology to single-component eukaryotic
urea transporters. Yut greatly increases urea permeability in the cell when expressed
in Xenopus oocytes, while inactivation of Yut in Y. pseudotuberculosis results in
reduced resistance to acidity in vitro when urea is present in the medium. Yut and
the H. pylori Urel urea channel were shown to be functionally interchangeable
in vitro and are sufficient to allow urea uptake in both bacteria [125].

The prototype for a pH-dependent urea transporter is the integral membrane pro-
tein Urel, in the human gastric pathogen H. pylori. It has a channel-like structure,
which closes and opens at neutral and acidic pH (acid-gated), respectively [126,
133]. When the channel opens at an acidic pH, it allows rapid urea entry to access
cytoplasmic ureases. H. pylori is restricted to the gastric mucosa of humans, which
indicates that this bacterium must survive in the extremely acidic environment.
Urease can hydrolyze the urea generating ammonia, which buffers the cytoplasm or
periplasm to allow acid resistance, facilitating colonization and survival of H. pylori
in the stomach [134, 135].

Urel encodes an integral cytoplasmic membrane protein with six transmembrane
segments forming a urea-specific pore, which allows urea to reach the
cytoplasmically-located urease enzyme [126, 133, 136]. Deletion of urel prevents
cytoplasmic urease activity and expression of Urel in Xenopus oocytes, resulting in
acid-stimulated urea uptake, with a pH profile similar to activation of cytoplasmic
urease. Urel-mediated transport is urea specific, passive, nonsaturable, nonelectro-
genic, and temperature independent. Therefore, Urel functions as a H*-gated urea
channel regulating cytoplasmic urease that is essential for gastric survival and colo-
nization [126].

The structure of Urel, and the mechanism of its transport and gating, has been
extensively investigated [126, 133, 137—141]. Unlike bovine UT-B, which forms a
trimer whose interface is formed by equivalent protein helices with a center [132],
Urel contains oligomers of six channel protomers, arranged in a hexamer, with a
lipid core at the center [136, 138, 141]. Six-fold symmetry extends the resolution of
the closed and open channel. Each channel is roughly composed of three sections: a
periplasmic domain and vestibule formed by N and C termini, a periplasmic loop 1
(PL1) and PL2, and transmembrane helices on the periplasmic side of the urea filter
(Fig. 9.3). The urea filter near the center of the membrane is composed of a ring of
side chains from several hydrophobic residues, and a cytoplasmic domain and ves-
tibule (transmembrane helices and loops on the cytoplasmic side of the filter) [130,
138]. The conformational transitions of Urel exist in closely balanced equilibrium
to shift both the shape and length of the channel in favor of urea passage at low pH
[138]. The urea gating or filtration mechanism is accomplished by His131 on PL2,
which triggers the sequential and cooperative movements of PL1, PL2, and the C
terminus in the periplasmic domain, together with displacement of the transmem-
brane helices accompanied by reorientation of side chains lining the channel inte-
rior [138].
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PL1

Fig. 9.3 Structure differences between mammalian UT and Urel in H. pylori [142]. (a) Ribbon
diagram of trimer of bovine UT-B (PDB ID: 4EZC) obtained from RCSB PDB (https://doi.
org/10.2210/pdb4ezc/pdb) [143] and the entrance to one of three urea channels (red arrow) [143].
(b) Ribbon diagram of hexamer of urel (PDB ID: 6NSK) obtained from RCSB PDB (https://doi.
org/10.2210/pdb6NSK/pdb), surrounding the lipids of the central bilayer (blue arrow) and the
entrance to one of six urea channels (red arrow). Periplasmic loop 1 (PL1) and PL2 were indicated
by purple arrow [138]

H. pylori infection is associated not only with peptic ulcer formation, but also
with adenocarcinoma. Urel, as an essential virulence factor, potentially represents a
new drug target that might be employed to help suppress or eradicate H. pylori.
Indeed, aiming to target the H. pylori Urel channel and enable the delivery of anti-
microbial compounds, urea-based nanosystems were developed [144, 145]. The
strategies proved the efficacy of Urel channel-targeted drug delivery systems to
improve antibiotic delivery inside H. pylori, although the effectiveness somehow is
compromised due to the local environment of host gastric epithelium [146].

Structural Similarities and Differences of Urea Transporter
Proteins in Mammals, Plants, and Microorganisms

Urea transporters in mammals, plants, and microorganisms share certain structural
similarities, reflecting their roles in urea transport. UT, urea/amide channel (UAC)
and AQP channels exist as homologous multimers, where lipids are housed within
the central cavity of the multimer, and urea is transported via the center of monomer
[8, 22, 141]. The pores of these channels generally comprise three parts: the urea
entrance, a selectivity filter formed by transmembrane a-helices, and the urea exit
site. The amino acid residues that form the transport pore are highly conserved
among subtypes within the same family. For example, the UT family displays the
highly conserved LPXXTXPF motif [8], while HpUrel in Helicobacter pylori
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conserves key residues in its third and fifth transmembrane helices [141], and the
AQP family contains the NPA motif and the ar/R selectivity filter [147].

Although urea transporters across plants, bacteria, and mammals facilitate the
movement of urea across biological membranes, their structural differences reflect
adaptations to each organism’s unique environment and physiological needs. DUR3
transporters typically have 14 or 15 transmembrane helices, with structural adapta-
tions to facilitate active transport, moving urea against its concentration gradient
with energy from proton co-transport [110, 113]. Bacterial UTs can have 6 or 7
transmembrane domains (Fig. 9.3b), depending on the species and the specific pro-
teins [127, 138, 141]. Mammalian urea transporters are typically channel-like, with
10 transmembrane helices (Fig. 9.3a) [8, 143].
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Chapter 10 )
Energy-Dependent Urea Transports Qaestie
in Mammals and their Functional
Consequences

Lise Bankir and Gilles Crambert

Abstract In lower organisms (bacteria, fungi, yeast), some species that express the
enzyme urease take up urea from the surrounding medium as a source of nitrogen,
by energy-dependent urea transporters. In contrast, in mammals, urea is an endprod-
uct of nitrogen metabolism, and the energy-dependent urea transports are associated
with either the need to excrete nitrogen efficiently, in the case of excess nitrogen
intake, or the need to conserve nitrogen and re-use it, in the case of low nitro-
gen supply.

Three different energy-dependent urea transports have been characterized func-
tionally in the mammalian kidney. One responsible for urea secretion in the straight
segment of the proximal tubule (proximal straight tubule, PST), another for urea
reabsorption in the upper third of the inner medullary collecting duct (IMCD), and
one in the very late portion of the IMCD. But intriguingly, up to now, none of the
membrane transporters responsible for these transports has been characterized
molecularly.

This review describes these urea transports functionally and proposes a candi-
date transporter responsible for urea secretion in the PST. Based on the study of
knockout mice, SLC6A18 has been characterized as a glycine transporter, but sev-
eral previous observations suggest that it may also serve another function. SLC6A18
is very likely a urea/glycine, sodium-dependent antiport. These observations are
described in detail.

Note. The “proximal tubule” of the mammalian nephron is subdivided into three subsegments S1,
S2, and S3. The S1 and S2 segments correspond to the proximal convoluted tubule (PCT) and are
located in the cortex. The S3 segment is often called the proximal straight tubule (PST) or “pars
recta” and lies in the outer stripe of the outer medulla.
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Energy-dependent urea transport is suspected to also take place in two other
organs that express facilitated urea transporters; in the testis, urea secretion could
initiate a flux of fluid in seminiferous tubules to ensure sperm transport into the
lumen; in the bladder, urea secretion could reclaim urea that is at permanent risk of
dissipation, due to the large urea concentration difference between urine and blood
and the high expression of the facilitated transporter UT-B on the basal membrane
of the urothelium.

The energy-dependent secretion of urea in the PST has a number of conse-
quences. (1) It allows a better efficiency of urea excretion and thus may prevent
some toxicity of urea. (2) It provides a much better understanding of the urine con-
centrating mechanism. (3) It explains how urea may influence glomerular filtration
rate, indirectly.

Keywords Nitrogen conservation - Urea - Kidney - Proximal straight tubule -
Vasopressin - Glomerular filtration rate - Urine concentrating mechanism - Bladder
- Testis

Abbreviations

AVR Ascending vasa recta

CDh Collecting duct

CKD Chronic kidney disease
DVR Descending vasa recta
FEurea Fractional excretion of urea
GFR Glomerular filtration rate
M Inner medulla

IMCD Inner medullary collecting duct
IS-OM Inner stripe of the outer medulla
OS-OM  Outer stripe of the outer medulla

PCT Proximal convoluted tubule

PST Proximal straight tubule

TAL Thick ascending limb

TDL Thin descending limb

TGF Tubulo-glomerular feedback

U/Purea Ratio of urine-to-plasma urea concentrations
uT Facilitated urea transporter

Introduction

Energy-dependent urea transport is observed in bacteria, fungi and yeast. Urea
serves as a nitrogen source in species that express urease. A few urea transporters
have been molecularly identified in these lower organisms (see review in [1]).
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Energy-dependent urea transport has also been functionally well characterized in
lower vertebrates. There, it is associated with nitrogen excretion and/or water con-
servation (urea secretion in the kidney of some frogs, and urea reabsorption in the
ventral skin of some toads, respectively). The transporters responsible for these urea
movements in lower vertebrates have not yet been characterized molecularly. See
review in [1]. In this chapter, we will present several energy-dependent urea trans-
ports in mammals and explain what is their role in the overall nitrogen handling. We
will also present a candidate transporter that is most likely responsible for an
energy-dependent urea secretion in the mammalian kidney.

Mammals excrete most of their nitrogenous wastes in the form of urea and to a
lesser extent ammonia. Their excretory needs for urea depend on the protein content
of their diet and on their eating behaviour. Herbivores have a relatively low protein
intake and thus need to conserve nitrogen rather than to excrete it. On the opposite,
protein intake is quite high in carnivores. But because of their discontinuous large
meals, they need to efficiently excrete large loads of urea, alternating with periods
of fast during which they may need to conserve nitrogen. Omnivores, such as
rodents, pigs and humans, who exhibit an intermediate situation with several meals
per day, have a more regular need for nitrogen excretion.

The plasma urea level in mammals is kept at a relatively low level (3—10 mmol/L)
so that, in carnivores and omnivores, urea is concentrated in the urine far above its
concentration in plasma and body fluids in order to be excreted in a reasonable
amount of water. However, there are marked species differences in the urine-to-
plasma ratio of urea concentration, associated with different body size and other
factors (Table 10.1). In some desert-adapted rodents, urine urea concentration can
be 500-fold higher than that in plasma [2, 3]. Urea is very soluble in water and can
thus be concentrated without risk of precipitation and kidney stones, contrary to uric
acid. The excretion of urea in the feces is negligeable.

Most recent textbooks of renal physiology and nephrology do not include a spe-
cific chapter on urea excretion and its possible regulation, in spite of the fact that
urea represents about 40% of all urinary solutes in humans (on a Western-type diet)
and even more in laboratory rodents [4]. They ignore the fact that urea excretion is
regulated, as will be explained below.

It is usually assumed that urea is freely filtered in the glomeruli and that a vari-
able proportion is reabsorbed passively by diffusion along the nephron and collect-
ing duct (CD), leaving a variable fraction of the filtered urea to be excreted. However,
the magnitude of urea reabsorption along the nephron depends largely on the urine
flow rate and thus, on the action of vasopressin. With slower flow and higher con-
centration of urinary solutes, more urea is reabsorbed in the CDs, partly because
some urea is driven by simple diffusion along the whole CDs, due to a greater tran-
sepithelial concentration difference and a longer contact time, and partly because of
the facilitated diffusion that occurs in the terminal IMCD where vasopressin-
dependent facilitated urea transporters (UTs) are expressed. These vasopressin-
dependent changes in urea excretion often obscure the results of some experimental
studies if the level of vasopressin varies during the experiments.
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Table 10.1 Water, urea and sodium handling in mice, rats, and humans

Mouse Rat Human
Body weight (BW) kg 0.03 0.3 70
Kidney weight g/kg BW 13 6.6 4.3
Water and osmoles
Urine osmolality mosm/kg H,O 2650 1500 650
Urine output ml/d 2 12 1400
Osmolar excretion mosm/d 5.3 18 900
U/P osmolality — 8.8 5.0 2.2
Urea
Daily urea excretion® mmol/d 3.8 7.5 400
Daily urea excretion mmol/d/kg BW 130 25 5.7
Plasma urea concentration mmol/L 9 5 5
Urine urea concentration mmol/L 1800 700 285
U/P urea — 200 140 60
Sodium
Daily Na excretion® mmol/d 0.2 1.5 130
Daily Na excretion mmol/d/kg BW 6.6 5.0 1.8
Plasma Na concentration mmol/L 140 140 140
Urine Na concentration mmol/L 60 125 95
U/P Na — 0.45 0.90 0.68

“The daily excretions of urea and sodium depend on the protein and sodium content of the diet,
respectively. The figures given here are rounded off and apply to healthy humans consuming a
Western-type diet, and to normal rats and mice fed a usual rodent diet (values collected from sev-
eral experimental studies and clinical investigations)

It has been understood since a long time that urea is accumulated in the inner
medulla and that this accumulation allows urine to be concentrated by promoting
water reabsorption. This high urea concentration in the inner medulla is depicted in
Fig. 10.1. This accumulation is due to the influence of vasopressin which produces
a “urea-selective” urine concentration. Urea plays an important role in urine con-
centration as a whole, improving the concentration of other solutes, but actually,
most of the water economy resulting from the urine concentrating activity is devoted
to the concentration of urea itself. Table 10.2 shows that the urine-to-plasma (U/P)
ratio for urea is far higher than the U/P ratio for all osmoles as a whole, and the U/P
ratio of sodium is actually lower than one.

It is well-known that vasopressin increases the permeability to water of the whole
CD by inserting aquaporin 2 (AQP2) into the luminal membrane of principal cells
along the CD. But less well-known is the fact that vasopressin also increases the
permeability to urea of the deep inner medullary CD by activating the facilitated
urea transporters UT-A1 and UT-A3. This allows urea, that has been concentrated
upstream by water reabsorption, to diffuse out of the CD lumen into the inner med-
ullary interstitium (Fig. 10.2a). Mice with knock-out of UT-A1/3 exhibit a marked
urinary concentrating defect [5].
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Fig. 10.1 (a and b) Concentrations of urea and sodium along the cortico-papillary axis in the rat
kidney. Newly drawn from data published in Ref. [127]. CO, OM, IM1, IM2, IM3 and Ur = cortex,
outer medulla, inner medulla at three different depths, and urine, respectively. From a low value in
the cortex, urea concentration increases markedly in the medulla to reach a concentration at the tip
of the papilla (IM3) about 100-fold higher than in the cortex. In contrast, sodium concentration
increases in the outer medulla and only little in the inner medulla. In the absence of vasopressin
(AVP), urea is not at all concentrated in the medulla, whereas sodium concentration is only mod-
estly reduced. A nephron is drawn to show the different segments present in each kidney zone. (c)
Picture of the central part of a kidney section showing the vascularization of the different kidney
zones (white Microfil silicone rubber has been injected into the kidney via the renal artery).
(Original picture by Lise Bankir)

Already reported several decades ago, but often forgotten now is the fact that this
influence of vasopressin on urea reabsorption markedly reduces the efficiency of
urea excretion. The fractional excretion of urea decreases markedly when urine is
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Table 10.2 Fractional excretion of the main urinary solutes in rats with different urine
concentrating activity

Low CA Normal CA | High CA High/Low | ANOVA

Urine flow rate | ml/d 203+15 [11.1+1.0 |557+0.18 |0.27 p <0.001
Urine osmolality | mOsmol/L | 762 + 44 1526 + 139 3023 +87 |3.97 p <0.001
Inulin clearance | ml/min 1.06 £0.10 |1.62+0.16 | 1.93+0.10 | 1.83 p <0.001
Plasma urea mM 43+0.2 52+0.5 7.8+£0.3 1,80 p<0.01
FE urea % 118 £ 18 67 +7 43+ 1 0.37 p <0.001
FE Na % 1.2+0.1 0.8+0.1 0.7+0.1 0.61 p <0.005
FEK % 10.1+£14 [69+0.6 6.8+£0.6 0.68 p=0.05
FE creatinine % 133+ 12 107 +9 916 0.69 p <0.05

Rats in steady state. Data based on two 24-h urine collections in metabolic cages

CA urine concentrating activity. Fractional excretions (FE) calculated using inulin clearance as a
marker of glomerular filtration rate. Data from Bouby et al (1996). Note that the FE of urea falls
much more with increasing CA than that of sodium or potassium (much lower High/Low ratio for
urea). This is explained by the greater reabsorption of urea that occurs in the collecting duct when
urine flow rate declines, and to the dose-dependent influence of vasopressin on the terminal inner
medullary collecting duct urea transporters

concentrated and urine flow rate relatively low, within the range of normal urine
flows. This is well visible in the three examples shown in Fig. 10.2b. Thus, the con-
tribution of urea to the urine concentrating mechanism has a negative counterpart by
severely reducing the efficiency of its excretion. As explained elsewhere, a rise in
glomerular filtration rate partially compensates this reduction [6].

The urine concentrating mechanism depends in part on several facilitated urea
transporters, UT-A1/A3, UT-B and UT-A2 [7]. But importantly, the mammalian
kidney also expresses energy-dependent urea transporters, as shown in Fig. 10.3.
One is located in the pars recta of the proximal tubule (also known as proximal
straight tubule (PST) or S3 segment) and is very likely SLC6A18 (see further). Two
others have been functionally described, but have not yet been identified molecu-
larly, “XXX” in the early part of the IMCD, responsible for urea reabsorption when
protein intake is low, and “YYY” in the very terminal IMCD, that secretes urea. See
further down for more details about these two urea transports.

The concept that urinary urea excretion results from filtration through the glom-
eruli followed by a variable amount of reabsorption along the tubules is much too
simplistic. As already recognized more than 50 years ago [8, 9], in addition to this
flow- and vasopressin-dependent reabsorption, urea excretion is regulated [8, 9].
Both energy-dependent urea reabsorption and energy-dependent urea secretion may
occur through different transport processes, for the sake of either nitrogen salvaging
or for more efficient urea excretion, respectively. A tendency for such a regulation
is also apparent in humans, but to a much lesser extent [10]. As explained in more
details below, experimental results suggest that the regulation associated with nitro-
gen conservation is a slow process (requiring weeks to occur) whereas the regula-
tion associated with efficient urea excretion is rapid and probably under the control
of peptidic hormones.
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Fig. 10.2 Urea reabsorption in the collecting duct. Influence of urine flow rate on the fractional
excretion of urea. A. Intrarenal urea recycling. UT-B, UT-A2, UT-A1/3 are facilitated urea trans-
porters. Only UT-A1 and UT-A3 are activated by vasopressin (AVP). When AVP is present, part of
the urea that flows in the terminal collecting duct diffuses into the medullary interstitium.
Ascending vasa recta (AVR) take up this urea that is thus at risk of returning to the general circula-
tion. But because they run in close contact with descending vasa recta, part of this urea undergoes
counter-current exchange and can thus return to the inner medulla. This creates an “intrarenal urea
recycling”. (b) Relationship between urea clearance or fractional excretion and urine flow rate in
three different studies. New figure drawn after data shown in [128] (top), [129] (middle) and [48]
(bottom). With low flow rates observed in every day life (range shown by red double arrow), the
efficiency of urea excretion declines sharply with declining urine flow rate (under the influence of
vasopressin). These three examples show how urine concentration, associated with relatively low
urine flow rates, dramatically decreases the efficiency of urea excretion. This marked decline in
urea clearance or FEurea at low (but physiological) urine flow rates was shown in every text book
50 years ago (or more), but seems largely ignored in recent books

Experimental observations providing evidence for both acute and chronic regula-
tion of urea excretion are shown in Figs. 10.4 and 10.5. Protein intake is known to
increase the rate of glomerular filtration rate (GFR). As such, this can potentially
increase urea excretion. But a regulation also occurs along the renal tubule. In the
dog (a carnivore that has a greater load of urea to excrete), urea excretion rate is
much greater after a protein meal than after an equivalent infusion of urea,
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Fig. 10.3 Localization of
urea transporters along the
nephron and collecting e
duct. Energy-dependent
transporters are shown in
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suggesting a specific regulation of this excretion (Fig. 10.4a) [11]. The regulation of
urea excretion along the renal tubule is best evaluated by calculating FEurea, that is
the fraction of the filtered urea that is excreted in the urine, often expressed as a
percentage. FEurea is thus independent of the GFR. FEurea has been shown to
increase after ingestion of a protein meal in both dogs and humans (Fig. 10.4b) [11,
12]. Glucagon, a hormone secreted in response to protein intake or to amino acid
infusion also increases FEurea, as shown in two independent studies in rats
(Fig. 10.4b) [13—15]. A long-term regulation of FEurea occurs in response to chronic
changes in the protein content of the diet. A low protein diet for several weeks to
humans or sheep results in much lower FEurea than on a normal protein diet [9], and
these low values are reached whatever the level of urine concentrating activity (indi-
cated by the urine-to-plasma concentration of inulin) (Fig. 10.5).
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Fig. 10.4 Acute regulation of urea excretion. (a) Relationship between urea excretion rate and
plasma urea concentration in one dog studied several times in three different conditions (8-10
experiments in each condition): control (crosses), after a meat meal (closed circles), and after an
infusion of urea bringing the same amount of nitrogen as the meat meal (open circles). The influ-
ence of the protein meal clearly increased the urea excretion rate with little change in plasma urea
concentration. In contrast, with an infusion of urea, urea excretion rate rose only in proportion to
the rise in plasma urea concentration. Reproduced from Ref. [11]. (b) Influence of a protein meal
on FEurea in dogs and humans. Black symbols show the results observed in three different dogs
(mean of 8-10 experiments per dog). Adapted from Ref. [11]. White symbols (triangles and cir-
cles) show the mean results observed in 10 healthy humans studied in random order, either on a
low (triangles) or a high (circles) hydration condition. Data for humans is adapted from data pub-
lished in Ref. [12]. The meat meal increased FEurea by about 30% in both dogs and humans. (c)
Influence of a glucagon infusion on FEurea in anesthetized rats during classical clearance experi-
ments, in two independent studies (a) and (b). In each study, two different groups or rats received
either an acute infusion of glucagon (solid line) or of vehicle (dotted line). Original data for (a) is
from Ref. [15] and for (b) from Ref. [13]. In both studies, the infusion of glucagon increased
FEurea by about 30% while the infusion of vehicle induced no change

Urea Reabsorption in the Kidney, as a Strategy
for Nitrogen Conservation

Although mammals cannot breakdown urea because they do not express urease in
any organ, some mammals can re-use urea nitrogen by virtue of two associated
adaptations. One is the ability to reabsorb actively urea from the CD (“uphill” trans-
port), thus reducing its urinary excretion. The other is hosting in their digestive tract
bacteria that express urease and are thus able to hydrolyse urea, thus releasing car-
bon dioxide and ammonia. The former will pass into the blood and be excreted by
the lungs, whereas the latter will have two possible fates (Fig. 10.6). Ruminants
express the facilitated urea transporter UT-B in their rumen [16—19]. The bacteria
will use urea nitrogen diffusing from blood into the rumen to build their own amino
acids and proliferate [20]. The bacteria will subsequently be digested in the
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Fig. 10.5 Chronic regulation of urea excretion. Adapted from Ref. [130]. The two graphs show the
fraction of filtered urea excreted in humans (MAN) and sheep in relation to the reabsorption of
water measured as the inulin U/P ratio. A low protein diet (black symbols) significantly lowers
FEurea relative to the filtration rate in both species but the effect is much more dramatic in the
sheep than in man. The effect is graded according to urine flow and disappears at extreme water
diuresis
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Fig.10.6 Pathway for re-use of urea nitrogen in mammals (= nitrogen conservation). Filtered urea
is reabsorbed in the early inner medullary collecting duct (as shown in low-protein fed rats) by an
active transport, and is returned to the blood, thus reducing its renal excretion (1). Urea diffuses
passively through facilitated UTs in the digestive tract (rumen in ruminants, or colon in other spe-
cies) (2) where it is hydrolysed into ammonia and CO, by microorganisms expressing urease (3).
Ammonia nitrogen can be re-used for protein synthesis (4), thus contributing to nitrogen conser-
vation (5)

stomach, and their amino acids absorbed in the intestine, thus making nitrogen
available again for the host. In other mammals, including humans, the bacteria able
to hydrolyze urea are located in the colon which expresses UT-B [16, 21-27] or
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UT-A [22, 23]. Ammonia resulting from urea breakdown will be used by the entero-
cytes of the host to make glutamine which can further be used for nitrogen metabo-
lism (Fig. 10.6).

Because of the very low FEurea in sheep, Bodil Schmidt-Nielsen had assumed
that an active urea reabsorption occured in their kidney [8, 9]. Sands and colleagues
undertook several studies to characterize this urea reabsorption associated with low
protein intake. They observed that an active urea reabsorption can be induced in rats
by feeding them a low protein diet for several weeks. Using microperfusion of iso-
lated segments of the inner medullary collecting duct (IMCD), they showed that this
active absorption occurs in the early portion of the IMCD (closest to the outer
medulla), increases with time up to a maximum after 3 weeks, depends on the pres-
ence of sodium in the lumen (but not in the bath), and can be inhibited by ouabain
[28-32]. This suggests that a low protein diet induces the synthesis of a sodium-urea
cotransporter and its insertion into the apical membrane of the early IMCD. Attempts
to clone the transporter responsible for urea reabsorption in the rat kidney by either
expression cloning or subtracting hybridization have not been successful [33-35].

In ruminants, the intensity of urea nitrogen recycling is regulated according to
the protein content of the diet. With increasing level of protein intake, nitrogen recy-
cling is reduced, along with reductions in urea reabsorption in the kidney, ruminal-
wall urease activity and abundance of ruminal facilitated UT [17, 36].

Urea Secretion in the Kidney, Leading to Improved
Nitrogen Excretion

It has been known for a long time that there is an addition of urea in the loop of
Henle of superficial nephrons [37, 38]. This was assumed to result from facilitated
diffusion of urea from ascending vasa recta into the thin limbs of Henle’s loops
which express the facilitated transporter UT-A2 in their lower half. This “recycling”
of urea from blood to tubule was considered to play a significant role in the seques-
tration of urea in the inner medulla [4, 39]. This classical view, which prevailed for
several decades, had to be revised when it was observed that mice with genetic dele-
tion of UT-A2 do not show a urine concentrating defect [40, 41]. Thus, urea addition
has to occur in some other site in the loop of Henle. Note: the “loop of Henle” in
micropuncture experiments includes all nephron segments comprised between the
late proximal tubule and the early distal tubule accessible at the kidney surface:
thus, it includes the pars recta of the proximal tubule, the thin descending limb and
the medullary and cortical portions of the thick ascending limb, plus a very short
piece of the early distal convoluted tubule.

On the other hand, several authors had concluded from their observations that an
active, energy-dependent urea transport probably occurs in the mammalian kidney
[42—44]. About 50% of filtered urea is reabsorbed in the proximal convoluted tubule
in the cortex at any level of urine concentration [37]. This reabsorbed urea is carried
away by the intense cortical blood flow and cannot re-enter the nephron. However,
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FEurea above 50% has been reported in a number of studies [45] (see Table 1 in
[46]), suggesting that urea is added downstream of the late proximal convoluted
tubule. Values above 100% have even occasionally been reported in rats, dogs, and
humans (see review in [4]) and more recently in mice [4, 5]. Obviously, only a net
tubular secretion of urea can account for these observations. This secretion most
probably takes place in the pars recta of the proximal tubule [47-49]. Actually, a
modest but significant urea secretion has been found in isolated cortical and medul-
lary pars recta of the rabbit [42] (Fig. 10.7a). However, an active secretion is prob-
ably only modest in a herbivore such as the rabbit. A similar experiment, again in
rabbit pars recta, did not reveal any urea secretion [50]. But the author used artificial
solutions that contained no organic molecules. An important co-factor was missing
in their experiment, as will be explained further below. Unfortunately, similar
studies in pars recta of rats or mice are lacking. However, several authors reported
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Fig.10.7 Experimental results showing that urea is secreted in the pars recta. (a) Results obtained
from microperfusion experiments of isolated rabbit PST and analysis of the collected perfusate. A
positive bath-to-lumen flux of urea was observed in PST from superficial (SF) and juxtamedullary
(JM) nephrons. This flux was largely and reversibly inhibited by a reduction in bath temperature or
by addition of a metabolic inhibitor (cyanide), thus showing that this urea flux is energy-dependent.
(b) Diagram of a nephron showing the two sites of fluid collection for analysis of tubular fluid, and
the localization of the cisplatin influence on the pars recta (red cross). (¢) Net urea mouvement
between the late proximal and the early distal tubule in control rats and cisplatin treated rats. In
control rats (dashed lines), a large amount of urea is added to the nephron lumen between these two
sites. In contrast, when transport activity in the pars recta is impaired by cisplatin treatment, urea
is largely reabsorbed. The magnitude of urea secretion in normal rats is thus equal to the difference
between these opposite mouvements. Blue and red lines and numbers show the means of data in
control and cisplatin-treated rats (in pmol/min), respectively. (Reproduced from Ref. [38]. No
permission needed because this paper is in open access)
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an accumulation of urea in rat cortical slices or in rat medullary rays that suggest
active urea uptake by proximal tubule cells [51-55].

Additional evidence for active urea secretion into the pars recta comes from
micropuncture studies in rats. Cisplatin is known to induce severe and selective
damage in cells of the pars recta. The net addition of urea, observed between the late
proximal and the early distal tubule in normal rats, was abolished and even reversed
to a net reabsorption in rats treated for several days with cisplatin (Fig. 10.7b and c)
[43]. This strongly suggests that the addition of urea into the loop of Henle, previ-
ously assumed to take place in the thin descending limb, is rather due to an active
secretion into the pars recta.

In dogs (a carnivore which has greater loads of urea to excrete), urea excretion
rate is much greater after a protein meal than after an equivalent infusion of urea,
suggesting a specific regulation of this excretion [11]. FEurea rises markedly after a
protein meal, an effect also reproduced by a glucagon infusion (Fig. 10.4) [13-15].
This suggests that glucagon, a hormone known to be secreted after a protein meal,
may regulate the intensity of the active urea secretion [46].

Active urea secretion probably also occurs in the human kidney. This is sug-
gested by the rare genetic anomaly resulting in “azotemia without renal failure” [47,
48, 56]. The affected subjects exhibit a selective three-to-four fold elevation in
plasma urea concentration without any other sign of renal dysfunction. Their FEurea
is extremely low (around only 10%). The relationship between FEurea and urine
flow rate is shifted down to 30-50% lower values than in control subjects. This sug-
gests that a large fraction of the excreted urea in normal subjects is due to a tubular
process that is missing in these subjects. The defect is best explained by a mutation
invalidating the function of a urea transporter contributing to secrete urea in the pars
recta of the proximal tubule [46, 57].

Altogether, these observations strongly suggest that active urea secretion is part
of the normal urea handling by the mammalian kidney. This secretion improves the
efficiency of urea excretion, as is the case for other nitrogenous wastes (uric acid,
ammonia). The pars recta of the proximal tubule is most likely the site of this urea
secretion. It exhibits several anatomical features typical of a secretory segment and
is known to secrete organic acids, uric acid, cyclic nucleotides and xenobiotics. It is
surrounded mostly by ascending, venous vasa recta which provide this segment
with its nutrient blood supply (capillaries issued from descending, arterial vasa recta
are very scarce in the outer stripe of the outer medulla). We have recently proposed
that the transporter likely responsible for this secretion is SLC6A18 [38]. However,
this has not yet been proven experimentally. This will be explained in detail in the
next section.

The secreted urea originates in unknown proportion from a mixture of urea pres-
ent in medullary blood (urea never filtered, that remains in plasma after filtration in
the juxtamedullary glomeruli), and from urea added to the inner medulla by the
vasopressin-dependent action on the terminal CD and flowing up in ascending vasa
recta blood. Red cells could also contribute significantly to supply urea during their
relatively slow ascent in venous vasa recta because they express abundantly UT-B
and may thus quickly equilibrate with surrounding plasma urea [58].
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The amount of urea that could be added by secretion has been calculated [38]
taking into account the percentage of plasma filtered into the juxtamedullary glom-
eruli from which DVRs originate, and the urea carried by erythrocytes. Calculations
based on the experiments by Safirstein et al. [43] suggest that about 17 pmol/min
urea are added by secretion into the loop of Henle in the rat. This figure is fully
compatible with the amount of urea brought by DVRs into the outer medulla which
amounts to 27.6 pmol/min. See detailed calculations in [38].

SL.C6A18, the Transporter Likely Responsible for Urea
Secretion in the Proximal Straight Tubule

The transporter that is most likely responsible for urea secretion in the PST is
SLC6A18, a transporter that has been shown to transport glycine. A series of obser-
vations reported in the literature suggests that it could actually be a urea/glycine
antiport [38]. This hypothesis of course requires confirmation by appropriate exper-
iments in vitro, or by the study of knockout mice.

1. SLC6A1S is expressed only in the kidney, and there, only in the luminal mem-
brane of cells of the S3 segment of the proximal tubule [59-61]. Figure 10.8
shows this localization in the S3 segment (“pars recta”) of the proximal tubule.

2. Two independent studies investigated the consequences of SLC6A18 deletion in
transgenic mice [62, 63]. Both reported a large rise in urinary glycine excretion
and concluded that the function of SLC6A18 is to reabsorb filtered glycine that
had not yet been reabsorbed upstream in previous subsegments of the proximal
tubule. The transport of glycine by SLC6A 18 is sodium-dependent [63]. Humans
with mutations of SLC6A18 also show an increase in urinary glycine excretion.
But none of these studies measured plasma urea and urinary urea
concentration.

3. In the study by Singer et al. [63] the amount of glycine excreted in the urine of
knockout mice is huge (about 50 times that of wildtype mice) and the concentra-
tion of glycine in urine is 200 times higher than in plasma. How could so much
glycine have escaped reabsorption upstream is difficult to understand. SLC6A19,
another transporter of the same family, is expressed in the proximal tubule. It is
a neutral amino acid transporter and reabsorbs amino acids in the S1 and S2 seg-
ments of the proximal tubule [64, 65]. Thus, only little glycine should remain in
the lumen of the S3 segment.

4. Interestingly, in 1980, Barfuss et al. described that PST cells (but not cells of the
proximal convoluted tubule) take up glycine from their basolateral membrane by
an energy-dependent and sodium-dependent transport [66]. This may explain
how so much glycine is excreted in the urine when the apical glycine transporter
is deleted. But why would this nephron segment take up this amino acid from
the blood?
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Fig. 10.8 In situ hibridization of SLC6A18 on a cryosection of an adult rat kidney. This picture
reveals the localization of SLC6A18 mRNA. There is a strong and homogeneous labeling of the
proximal tubules, exclusively in the deep part of the medullary rays in the cortex, and in the outer
stripe of the outer medulla. This localization corresponds to the S2 and S3 segments of the proxi-
mal tubule (magnification in A x 14 and in B x 50). (Reproduced from Ref. [59]. No permission
needed because this paper is in open access)

5. Glycine and urea are very close molecules. They have similar molecular mass
(60 and 75 Da, respectively) with only one carbon atom. They are both neutral
and show no chirality. This similarity led us to assume that both substances may
be transported simultaneously and in opposite directions.

Altogether, these different observations led us to propose that SLC6A 18 could be an
antiport secreting urea against glycine, and that glycine could be recycled from the
brush border back into the cells. Figure 10.9 shows how this counter-transport of
urea against glycine operates, and how glycine recycling could work.

The failure of Knepper to find an active secretion of urea in the rabbit pars recta
[50] (as Kawamura and Kokko had reported [42]) is most likely attributable to the
fact that he used artificial solutions as bath and perfusate of the tubules, and thus no
glycine was available in these fluids. Thus, an exchange of urea versus glycine could
not take place.

AQP1 is abundantly expressed on both sides of all cells of the proximal tubule,
including PST cells, and allows the abundant water reabsorption that takes place in
this tubule. Intriguingly, the aquaglyceroporin AQP7 is expressed in the luminal
membrane of PST cells, but not PCT cells, in addition to AQP1 [67, 68]. Why would
an additional aquaporin be expressed there, and only in the luminal membrane?
Probably not just to transport water. AQP7 can transport glycerol [67]. Glycine and
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Fig.10.9 Model of urea secretion in a PST cell, via the urea/glycine antiport. SLC6A18 is located
in the luminal membrane (the brush border). Urea is secreted and glycine is reabsorbed along with
sodium. The energy ensuring this counter-transport is provided by the sodium pumping at the
basolateral Na-K-ATPase. Initially, the counter-transport of glycine and urea can be initiated by the
uptake of some glycine from the basal side of the cell. An uptake of glycine could be provided by
the glycine transporter SLC6A9 that is expressed in the pars recta. Glycine is not secreted into the
lumen but is transciently stored in the brush border and is continuously recycled between the brush
border and the cell body, while urea is secreted against one (or more) Na. Because AQP7 is
expressed only in the PST, in addition to AQP1, it is possible to assume that it may play a special
role there for recycling glycine, assuming that this aquaglyceroporin could indeed transport gly-
cine. Blood flowing in the ascending vasa recta (AVR) supply urea and glycine to the pars recta
cells. (Adapted with modifications from Ref. [38]. No permission needed because this paper is in
open access)

glycerol show some similarities. It is attractive to assume that AQP7 could transport
glycine and could contribute to glycine recycling in the brush border of PST cells.
This is very speculative but could be easily evaluated by comparing in vitro the
permeability of AQP7 to glycerol and to glycine in amphibian oocytes injected with
AQP7 cRNA, as described previously [69, 70].

Which membrane transporters could allow glycine and urea to be taken up from
the blood by PST cells? Another member of the SLC6 family, SLC6A9, is expressed
in the same nephron segment as SLC6A 18 and is described as a glycine transporter
(https://esbl.nhlbi.nih.gov/Databases/SLC-kidney/). It could possibly allow glycine
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uptake from the basolateral membrane of PST cells. This is of course just a hypoth-
esis. Up to now, no known urea transporter could explain the uptake of urea in PST
cells. But may-be there is no transporter involved. It is known that about 40-50% of
filtered urea is reabsorbed in the proximal convoluted tubule (S1 segment) and no
urea transporter has been characterized so far in this segment. If urea is secreted into
the lumen of the PST, its intracellular concentration should be lower than that in
peripheral blood and this should provide a driving force for blood urea to enter
the cells.

Several observations across the animal kingdom suggest associations of
SLC6A18 with ureotelism and/or with the need to conserve urea or to participate in
urea excretion.

1. SLC6AI18 is among the genes that are lost in the transition of marine mammals
to aquatic life [71]. Actually, these mammals do not need to concentrate urea in
the urine because they can produce abundant urine volumes.

2. Most fish are ammoniotelic. But the fish Tilapia (living in an alkaline environ-
ment in the African lake Magadi) is ureotelic [72]. It expresses a facilitated urea
transporter in its gills with high homology with urea transporters from mammals
[73], and expresses SLCO6A18 in its intestinal epithelium [74].

3. Elasmobranchs (rays and sharks) exhibit a very high urea concentration
(>300 mM) in their internal milieu. They need to avoid the loss of urea through
the gills, rectal gland and kidneys. Interestingly, SLC6A 18 sequence appears in
the gene bank for several shark species (see details in [38]).

4. Most bony fish are ammoniotelic, but a few are ureotelic during their embryonic
life. SLC6A 18 has been identified in the zebrafish embryo [75].

Altogether, these observations bring an additional support for a role for SLC6A18 in
urea handling.

Functional Consequences of Urea Secretion in the Proximal
Straight Tubule

Benefits of Urea Secretion

The fact that urea is secreted into the nephron lumen in addition to the amount fil-
tered improves markedly the efficacy of its excretion and limits the rise in plasma
urea that takes place after each protein meal. Preventing or limiting the rise in the
concentration of urea in plasma is important because urea can be toxic to some
extent. It forms cyanate which induces carbamylation of proteins (similar to the
glycation occurring with glucose in diabetic patients). The function of carbamylated
proteins is reduced (decreased efficiency of immune cells, lower transport for oxy-
gen by hemoglobin, etc....), and thus many regulations are impaired. In patients with
CKD who exhibit increased plasma urea concentration, carbamylation of proteins
becomes significant and its adverse effects have been well described [76-79].
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The intensity of urea secretion is not easy to evaluate in vivo. A variable that can
reflect this intensity is the urine-to-plasma ratio of urea concentrations. Urea secre-
tion lowers plasma urea concentration and increases urine urea concentration. Thus,
an increase in the U/P urea ratio means an increase in urea secretion (assuming no
interference occurs, due to the influence of vasopressin which could stimulate urea
reabsorption in the collecting duct).

Glucagon secretion is increased after a protein meal. Glucagon has been shown
to have direct and indirect effects on the kidney [80]. Glucagon has been shown to
increase markedly absolute and fractional excretion of urea in vivo [13, 15]. It is
tempting to assume that glucagon could stimulate urea secretion in the pars recta by
an indirect action mediated by liver-borne extracellular cAMP, as explained in detail
elsewhere [6, 81]. This hypothesis requires confirmation by experiments in isolated
perfused PST.

Influence of Urea Secretion on the Understanding of the Urine
Concentrating Mechanism

It is important to understand the difference between counter-current exchange and
counter-current multiplication. Both occur between structures that lie in parallel and
with fluid flows running in opposite directions. Counter-current exchanges do not
require energy and the transported solute(s) can only move “downhill”. In contrast,
counter-current multiplication requires energy to create an “uphill” concentration
difference between the two structures.

The urine concentrating mechanism (UCM) that is presently described in all text
books and chapters includes two main processes. (1) A counter-current multiplica-
tion of sodium concentration between the thick ascending limbs and the thin
descending limbs in the inner stripe of the outer medulla providing the “single
effect” that is multiplied within this kidney zone. (2) Passive movements of urea
allowed by facilitated UTs and counter-current exchanges, explaining the accumu-
lation of this solute in the inner medulla (see Figs. 10.1 and 10.2). The possible
existence of an energy-dependent secretion of urea in the medulla is not mentioned
except in rare reviews by Bankir et al. [1, 3, 4, 46]. Mathematical models simulating
this “passive” concentrating mechanism fail to reach urine osmolarities observed
in vivo [82-84]. Interestingly, a model including an active secretion of urea in the
pars recta [85] revealed a “urea-selective” improvement in urine concentrating abil-
ity. The efficiency of urea excretion was improved without requiring a higher urine
flow rate, and with only modest changes in the excretion of sodium and other
solutes.

The renal handling of urea described in this review, including an energy-
dependent urea secretion in the pars recta, creates a countercurrent multiplication of
urea within the outer medulla, as described in Fig. 10.10. Urea concentration is
“multiplied” because urea secreted into the pars recta in the OS-OM is transferred
to AVR in the IS-OM, where is it carried up towards the OS-OM. It can then be
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Fig. 10.10 Countercurrent multiplication of urea. Diagram of a nephron (combining a short-
looped and a long-looped nephron) and a collecting duct, depicting urea handling in the kidney,
and including urea secretion in the PST. The localization of the facilitated urea transporters UT-B,
UT-A2 and AVP-stimulated UT-A1/3 is shown. DVR (red) and AVR (fenestrated) are descending
(arterial) and ascending (venous) vasa recta, respectively. The four kidney zones of the kidney
include the cortex, the outer and inner stripes of the outer medulla (OS-OM and IS-OM, respec-
tively), and the inner medulla (IM). Thin straight arrows show the direction of tubular fluid flow.
Thin curved arrows show countercurrent exchanges of urea between AVRs and DVRs. The thick
red lines along the PST show the localization of SLC6A18 that allows the secretion of urea in
exchange of glycine and one (or more) sodium. The urea available for secretion originates from
two different sources. #1 shows urea entering the medullary circulation by DVRs issued from the
efferent arteriole of juxtamedullary glomeruli, after about 25% of the plasma has been filtered.
This never-filtered urea flows down in DVRs towards deeper regions of the medulla. #2 represents
urea that was filtered, was carried in tubular fluid along the nephron, and reached the terminal
IMCD where it diffused in the inner medullary interstitium through vasopressin-stimulated
UT-A1/3. From the inner medullary interstitium, urea is taken up by AVRs and may be secreted
into the PST in the OS-OM. That UT-A2 is expressed only in the deep part of the thin descending
limbs of short loops has been well demonstrated by Nielsen et al. [131]. Urea from both sources
(#1 and #2) can diffuse out of the thin limbs via UT-A2, ascend in AVRs and be secreted again in
the PST. This amplifies urea concentration in the pars recta lumen and thus creates a countercurrent
multiplication of urea. Moreover, it minimizes the return of urea into the venous circulation.
(Reproduced with slight modifications from Ref. [38]. No permission needed because this paper is
in open access)
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secreted again, thus increasing its concentration in the pars recta lumen. Thus, in
addition to the well understood counter-current multiplication for sodium that
occurs between the thick ascending limb and the thin descending limbs, a counter-
current multiplication for urea occurs between the pars recta and the ascending vasa
recta. This energy-dependent urea transport accounts for the high urea concentra-
tion observed in the inner medulla (Fig. 10.1). This critical step of urea handling
explains the large addition of urea well described in several species between the late
proximal convoluted tubule and the early distal tubule accessible at the kidney sur-
face by micropuncture (see Fig. 1 in [38]). It is dependent on the vasopressin-
induced urea permeability of the terminal IMCD by UT-A1/3, as shown by results
observed in UT-A1/3 knockout mice [5]. If urea does not diffuse from the lumen of
the terminal IMCD into the inner medullary interstitium, the amount of urea suscep-
tible to be secreted into the pars recta will be largely reduced. Two studies have
shown that the knockout of UT-A2, expressed in the thin descending limbs does not
result in a significant urine concentrating defect. This suggest that urea movements
through this facilitated urea transporter play a role in the initiation and/or amplifica-
tion of urea secretion, but not in steady state conditions. In some knockout mice
models, the expected changes are best observed when the function of the proteins
under study is evaluated during an acute stimulus (e.g. a sudden urea load [41, 86]).

Influence of Urea Secretion on GFR

The catabolism of dietary carbohydrates and lipids produces only CO, and H,O (=
metabolic water) which are easily excreted by the lungs and kidneys, respectively.
In contrast, the catabolism of proteins produces a number of end-products that are
excreted by the kidneys: urea, ammonia, uric acid, phosphates, sulfates, protons,
etc. Moreover, because the concentrations of these solutes in plasma and extracel-
lular fluids are relatively low (a few mmol/L or even pmol/L), their renal excretion
imposes a need to concentrate them in the urine far above their concentration in the
plasma for the sake of water economy (see Table 2 in [87]).

As recalled above, a single protein-rich meal or an amino acid infusion are
known to induce a transcient rise in glomerular filtration rate (GFR) (often referred
to as “hyperfiltration™) [12, 88-91]. And a sustained high protein intake (but not a
high carbohydrate or lipid intake) induces a permanent increase in GFR [92, 93]. At
least two hormones play a major role in this hyperfiltration, as described in details
by Bankir et al. [6]. Protein-induced hyperfiltration does not occur in Brattleboro
rats with hereditary central diabetes insipidus which cannot secrete vasopressin
[94]. It also does not occur in pancreatectomized patients who can no longer secrete
glucagon [95, 96].

This rise in GFR is likely due to a reduction in the tubulo-glomerular feedback
operating at the juxtaglomerular apparatus, as shown in the elegant micropuncture
study of Seney et al. in rats fed either a high or a low protein intake for 7-10 days
[97]. In the fluid of the early distal tubule (the closest accessible site to the macula
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densa), sodium and chloride concentrations were markedly lower in rats fed the
high protein diet than in those fed the low protein diet. But interestingly, the osmo-
lality of the tubular fluid was identical in the two conditions [97]. This means that
another solute was present in the tubular fluid in much higher concentration on the
high than on the low protein diet. This solute acts as an “osmotic buffer” limiting the
risk of water leakage from the cortical thick ascending limb where the transepithe-
lial difference in osmolarity becomes greater. This solute is obviously urea that is
excreted in much larger amount on a high protein intake. Most likely, urea secretion
is more intense on the high than on the low protein diet. Although not yet demon-
strated experimentally, glucagon most likely stimulates urea secretion indirectly (as
explained in [80, 98]. Vasopressin also favours urea secretion as explained above, by
favouring urea delivery to the pars recta because of its action on urea transporters of
the terminal IMCD that favour intrarenal urea recycling. The sequence of events by
which glucagon and vasopressin each contribute to increase the GFR is schematized
in Fig. 10.11.

As explained earlier in this chapter, the ratio of the concentration of urea in urine
and plasma (urine-to-plasma concentration ratio = U/P urea) provides an index of
the relative concentration of urea at the macula densa. In a number of studies in rats
and humans, striking significant correlations have been observed between GFR
(measured by inulin clearance) and the U/P urea ratio [6, 99, 100] (Fig. 10.12), or
between the change in GFR (= hyperfiltration) and the change in this ratio in
response to a glucagon infusion (see Fig. 4 in [15]). These correlations cannot estab-
lish a causality link. But the explanations given above strongly support such a
causality.

Secondary Active Urea Transport in Other Organs

Table 10.3 summarize the different secondary active urea transports identified or
suspected to occur in different tissues of mammals. Although well characterized
functionally, the transporters responsible for two Na-dependent urea transports in
the renal collecting duct have not been molecularly identified. Moreover, it seems
highly likely that energy-dependent urea transport could take place in two other
organs, the testis and bladder, as explained below.

Testis

In 1979, Turner et al. published a study suggesting the existence for an active trans-
port of urea into the rat seminiferous tubules [101]. After an intravenous injection of
radio-labeled ““lurea, seminiferous tubules accumulated urea at a higher concen-
tration than in the blood. This uphill movement of urea was inhibited by 2,
4-dinitrophenol and ouabain, thus providing evidence for active transport of urea
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Fig. 10.11 Mecanism by which urea handling influences GFR. Both the secretion of urea in the
PST and the medullary urea recycling induce a larger amount of urea to flow in the loop of Henle,
and thus increase the concentration of urea in the thick ascending limb. This explains how urea,
indirectly may influence the GFR. Vasopressin (AVP) stimulates urea recycling (well demon-
strated). Glucagon probably stimulates urea secretion, indirectly (see text). (Reproduced with
slight modifications from Ref. [38]. No permission needed because this paper is in open access)

into the rat seminiferous tubules. When facilitated urea transporters (UTs) were
cloned 15 years later, two facilitated UTs were identified in the rat and mouse testis,
UT-3 [102], and UT-AS [103]. In the rat kidney, UT-3 mRNA is expressed in the
inner stripe of the outer medulla, inner medulla, the papillary surface epithelium,
and the transitional urinary epithelium of the urinary tract. In situ hybridization of
testis revealed that UT-3 is located in Sertoli cells of seminiferous tubules. The sig-
nal was only detected in Sertoli cells associated with the early stages of spermato-
cyte development, suggesting that urea may play a role in spermatogenesis. UT-AS5
mRNA is restricted to the peritubular myoid cells forming the outermost layer of the
seminiferous tubules within the testes, and is not detected in kidney. UT-A5 mRNA
level is coordinated with the stage of testes development and increases 15 days post-
partum, commensurate with the start of seminiferous tubule fluid movement [103].
The functional significance of urea movements in the testis has not been evaluated
in these studies.

In many epithelia where a secondary active transport is present, the energy-
dependent transporter is expressed on one side of the epithelium and a facilitated
traporter is expressed on the opposite side. For example, the sodium-coupled trans-
porter SGLT?2 is expressed on the apical membrane of the proximal convoluted
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Fig. 10.12 Associations between the urine-to-plasma ratio of urea concentrations and GFR in rats
(a) and humans (b and ¢). This U/P ratio is an accessible marker of the transepithelial concentra-
tion difference for urea (between tubular fluid and peritubular fluid) prevailing at the inaccessible
macula densa. (a) Anesthetized normal rats (each point is the mean of 3 x 20 min clearance periods
for one rat). (b) Patients with autosomal dominant polycystic kidney diease. (a and b) Reproduced
from Ref. [6]. No permission needed because this paper is in open access. (¢) Subjects from a
population (SKIPOGH), reproduced from Ref. [100]. No permission needed because this paper is
in open access)

tubule, and GLUT?2 on the basolateral membrane [104]. Thus, the existence of facil-
itated UTs in the testis could be associated with an energy-dependent urea tran-
porter. As mentioned above, the SLC6 family mostly encodes transporters for
nitrogenous molecules. SLC6A 18 most likely transports urea as a urea/glycine anti-
port, as explained above. Another member of this family, SLC6AL16, is still an
orphan transporter [105, 106]; no substrate has been characterized so far for this
transporter. But genetic data bases indicate that its expression is extremely high in
the testis (50 times higher than in other organs) (https://www.proteinatlas.org/
ENSGO00000063127-SLC6A16/tissue). This extremely high expression in the testis
suggests that it probably plays an important role in this organ. Could SLC6A16 be
involved in an uphill urea transport?


https://www.proteinatlas.org/ENSG00000063127-SLC6A16/tissue
https://www.proteinatlas.org/ENSG00000063127-SLC6A16/tissue
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Table 10.3 Secondary active urea transports in mammals

Organ

Tissue

Kidney  PST

Kidney | Upper IMCD

Kidney | Terminal

IMCD

Bladder | Urothelium

Testis

Seminiferous
tubules

Direction of
transport

Secretion

Reabsorption

Secretion

Secretion

Secretion

Functional significance/
functional demonstration

Adding more urea in the
nephron lumen for more
efficient urinay excretion
(compensating at least
partially the abundant
reabsorption via UT-A1/3)

With low protein intake in
the food (LP), limitation of
urinary loss of urea.
Reabsorbing filtered urea
for the sake of nitrogen
salvage. Probably
constitutive in herbivores.
Inducible in rats after 3
weeks on LP diet.

Suggestion: early
expression of a transporter
extending further down in
the pelvic epithelium,
ureters and bladder, to
prevent dissipation of the
high urea concentration in
urine

Preventing diffusion of
highly concentrated urea
back into the blood when
urine (with high urea
concentration) stays for
hours in the bladder lumen.
Providing a driving force
for fluid entry into the
lumen of the tubules, in
order to create a flow of
fluid for driving the sperm
cells in a flow of fluid
along the tubules

L. Bankir and G. Crambert

Transporter
SLC6A18 (very likely)

Transporter not known.
Na-dependent. Inhibited if
NaK-ATPase is inhibited
by ouabain or by
removing bath K, or
perfusate Na, suggesting
secondary active transport.
Not inhibited by phloretin
nor stimulated by
vasopressin

Transporter not known.
Secondary active
Na-dependent urea
transport, inhibited by
phloretin, stimulated by
AVP

Not known (possibly the
same as that in terminal
IMCD?)

SLC6A16 (suspected)

Abbreviations. PST proximal straight tubule. IMCD collecting duct running in the inner medulla

Actually, an issue that has been rarely addressed is how fluid enters in the semi-
niferous tubules to carry the sperm cells down along these long tubules. In the kid-
ney of mammals (and of vertebrates in general), fluid enters the nephron lumen by
filtration of plasma that occurs in the glomeruli. Further down, mostly in the S3
segment of the proximal tubule, certain solutes are secreted from peritubular blood
to nephron lumen and this drives water along because the S3 epithelium is “leaky”.
A water flow is thus driven by the osmotic force generated by the solute transport.



10 Energy-Dependent Urea Transports in Mammals and their Functional Consequences 217

Interestingly, in “aglomerular” fish (which nephrons do not possess a glomerulus),
the transepithelial secretion of inorganic and organic solutes drives a secretory
water flow in renal proximal tubules. Thus, the primitive urine provides exclusively
from fluid and solutes secreted into the proximal tubule [107].

The abundant expression in the testis of facilitated urea transporters and of the
Na-dependent transporter SLC6A16 suggests that a similar secretory process could
take place in the testis to initiate a flux of fluid, driven by urea secretion, into semi-
niferous tubules. This totally novel hypothesis is supported by several observations.
First, a few studies have shown that urea concentration in the lumen of seminiferous
tubules is significantly higher than in the blood [108]. Second, Guo et al. [109]
studied the role of the urea transporter UT-B in the testis and other organs by com-
paring urea handling in wildtype and UT-B knockout mice. Here, we will consider
only the data reported for wildtype mice. In steady state conditions, the concentra-
tion of urea in testis was about 5.75 times higher than in serum, whereas it was only
1.1 times higher in the brain and 1.9 times higher in the liver (Fig. 10.13). The ratio
of urea concentration in testis to blood was lower in very young mice than in older
mice. In acute experiments, the uptake of urea by different organs was evaluated in
mice in which renal blood flow was blocked (to prevent excretion of the radioactive
marker). Five minutes after the administration of an intravenous bolus of
['“C]-labeled urea, the concentration of radioactive urea in testis was 3.6 times
higher than in the blood (as calculated from Fig. 3 in [109]) (Fig. 10.13). Altogether,
these data suggest that there is an uptake of blood urea by the testis. In vitro perfu-
sion of seminiferous tubules [110] showed that addition of urea in the bath induced
the appearance of urea in the lumen with a rate of influx reaching a steady state after
about 20 min. The rate of urea influx was inhibited by about 50% by the inhibitor
phloretin [110]. The authors did not determine if urea concentration in the lumen
became significantly higher than in the bath, and did not evoke the possibility of an
energy-dependent uptake or urea. But in view of the secretion described by Turner
[101], of the studies showing that urea is more concentrated in the luminal fluid than
in the blood, and in the observations described in Fig. 10.13, it seems possible that
a secondary active urea transporter contributed to the urea influx reported by Fenton
etal. [110].

Further experiments are needed (1) to study directly if seminiferous tubules take
up urea from the blood and secrete it into the lumen, and (2) to study if SLC6A16
transports urea.

Bladder

The possibility that urea could undergo an active transport in the mammalian blad-
der is rarely addressed and generates little attention in the scientific community.
This is however surprising in the light of the following observations.
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Fig. 10.13 (a) The
concentration of urea has
been measured in blood
serum, brain, liver and
testis of normal mice. The
concentration in the testis
was much higher than in
the brain and liver, and was
about 5.75 times higher
than in the serum. (b)
Concentration of urea in
serum and testis in mice at
different ages (from 10 to
40 days). The
concentration of urea was
about five-fold higher than
in serum in mice 15 weeks
and older. Urea is
concentrated in the rat
testis. (Adapted from Ref.
[109]. Permission
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1. In most mammals, urea exhibits concentrations in the urine far higher than in the

plasma. Typically, urea concentration in urine may be 20—-100 times higher than
in plasma for humans on a normal Western type diet. In laboratory rodents (rats
and mice), the urine/plasma ratio of urea concentrations can reach 150-200 in
normal conditions [86] and even more during dehydration or after administration
of the vasopressin V2 receptor agonist ADAVP. And it can be as high as 500 in
some rodent species adapted to arid life. It is difficult to understand how such
huge transepithelial differences could be maintained inside the bladder for hours
without an energy-dependent transport process.

. The urothelium strongly expresses the facilitated urea transporter UT-B in its
basolateral membrane [111]. Thus, the only barrier preventing equilibration of
urea concentration between blood and bladder urine is the apical membrane.
Even if the urothelium exhibits a unique anatomical structure and a low perme-
ability to urea (as measured in vitro), it is difficult to imagine that it could pre-
vent the diffusion of urea back into the blood when concentrated urine stays in
the lumen for hours between micturitions. The permeability to urea of the rabbit
bladder, studied in vitro, has been found to be low [112, 113]. But the rabbit
shows a relatively low urinary urea concentration in the urine because of a low
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urea excretion related to its vegetarian diet. Some urea (and water) may be
reabsorbed along the urinary tract and bladder in dogs and rats [114] and this
reabsorption is influenced by hydration and dietary protein intake [115, 116].

3. Anintriguing observation has been made in the deepest subsegment of the IMCD
in rats: urea was shown to be secreted by a Na-dependent transport system [117].
Net urea secretion was significantly inhibited by phloretin (SGLT inhibitor,
added to the perfusate) and ouabain (Na,K-ATPase inhibitor, added to the bath).
It was also inhibited by cooling the tubule to 23 °C. Net urea secretion was sig-
nificantly stimulated by vasopressin (added to the bath). The functional meaning
of such urea secretion in this site is very surprising because the facilitated urea
transporters UT-A1 and UT-A3 allow an abundant and very fast diffusion of urea
from IMCD lumen to the inner medullary interstitium [7]. Thus, it is difficult to
understand what could be the functional meaning of a (small) urea secretion in
opposite direction at this site. Actually, it is possible to interpret this secretion in
a different way. The very late IMCD is in continuity with the urothelium lining
the pelvis and the ureters. This urea secretion in the very late IMCD thus could
be an early manifestation of the secretion that probably takes place in the perlvic
space and along the ureter and bladder urothelium, in order to reclaim the urea
susceptible to diffuse out of the urinary tract.

Thus, an energy-dependent urea secretion very likely takes place in the pelvic cavity
of the kidney and along the urinary tract (ureters and bladder urothelium) as sche-
matized in Fig. 10.14. This situation can be compared to that observed in the gills of
elasmobranchs. They have a very high concentration of urea in the blood (about
300 mmol/L), to counteract the high osmolarity of the sea water. Thus, they are at
continuous risk to loose urea through the gills which offer a very large area of
exchange between the blood and see water. Fines et al. [118] showed, in Squalus
acanthias, that there is an active sodium-coupled transport of urea from out of the
gill’s epithelium back into the blood, against the urea concentration gradient. This
active urea transport, associated with special anatomical characteristics of the gill
epithelium, contribute to urea retention by the gills. A similar situation occurs in the
mammalian bladder, with a very special urothelium, and a strong transepithelial
urea concentration difference. Studies intended to characterize this putative urea
secretion in the mammalian bladder urothelium could be run using the experimental
model of in situ isolated bladder designed by Spector et al. [115].

The knock out of UT-B in mice induces DNA damage and apoptosis in the blad-
der [119]. Actually, UT-B (SLC14A1) has been shown to be a biomarker and target
in urothelial human cancer [120, 121]. It may be assumed that an imbalance between
urea transport in both sides of urothelial cells (UT-B basolateral, and an apical trans-
porter) may expose the cells to toxic concentrations of urea.
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Fig. 10.14 Large urea concentration gradient between bladder and blood. Rounded values corre-
sponding to the situation observed in normal rats. Urea is markedly more concentrated in the urine
than in the blood, as shown by the large trans-bladder concentration gradient. Moreover, urine
stays for long periods in the bladder lumen, and the facilitated urea transporter UT-B is expressed
on the baso-lateral aspect of urothelial cells. Even with a very specialized urothelium structure,
exhibiting a very low permeability to urea, we assume that the bladder could not maintain a high
transurothelial gradient without an active urea transporter (red arrow) that continuously pumps
back urea that is at risk of diffusing out of the bladder

Conclusion. Future Studies

This chapter is largely original because it presents several features of the renal han-
dling of urea that are not frequently addressed. The attention has rarely been drawn
on the existence of an energy-dependent urea secretion in the mammalian kidney.
Evidence showing that urea is secreted has already been presented in several book
chapters and reviews [1, 3, 4, 38, 46] but these papers have not been given much
attention so far. Most renal physiologists were reluctant to accept the possibility of
such a secretion in spite of the fact that it is difficult to understand how concentrat-
ing a large load of urea at a high level could not require some energy-dependent
process. It is surprising that there has been so few experimental attempts to charac-
terize a possible urea secretion. All the more so because all the mathematical mod-
els intended to simulate the urine concentrating mechanism failed to reach the urine
osmolarity observed in vivo (as recalled above).

In classical acute clearance experiments in anesthetized rats, the rise in FEurea
that could have revealed this secretion was probably compromised by the simultane-
ous action of vasopressin that markedly reduces urea fractional excretion (see
Fig. 10.2b). Actually, it is known that anesthesia and surgery induce a rise in



10  Energy-Dependent Urea Transports in Mammals and their Functional Consequences 221

- 120

£

o E

£ 100f ¥ s

= tubule

&

® 80

8

o 60 Late

o proximal

Q tubule

& 40

©

c

8 20 Unne

o

o
0 1 i Ao vl i L AL 4 L il
10 100 1000

U/P inulin concentration ratio

Fig. 10.15 Micropuncture studies reveal the amounts of urea secreted in the loop of Henle and
reaborbed in the distal tubule and collecting duct. Modified from Ref. [1] in open access (based on
micropuncture data by Ref. [37]). This figure depicts the fraction of filtered urea remaining in the
late proximal tubule, the early distal tubule (close to the macula densa), and in the urine of normal
rats, plotted against the urine-to-plasma ratio of inulin concentration (an index of water reabsorp-
tion and thus of tubular fluid or urine concentration). Note that the delivery of urea into the late
proximal tubule is equal to about 50% of the filtered load over the whole range of urine concentra-
tion. The difference between the values in the late proximal tubule and the early distal tubule show
how much urea is secreted. The difference between the values in the early distal tubule and the
urine show how much urea is reabsorbed in the distal nephron and collecting duct. This reabsorp-
tion increases, and thus the fractional excretion of urea declines with increasing urine concentra-
tion (see also Fig. 10.2b, showing a similar decline in humans). For a U/P ratio of inulin
concentrations of 120, FEurea is approximately 22%. Urea reabsorption between the early distal
tubule and final urine (double red arrow) amounts to 38% of the filtered load (65-22%). Urea
secretion between the end of the proximal tubule and the early distal tubule (double green arrow)
amounts to 15% (65-50%). Thus, for this level of urine concentration, urea secretion compensates
only part of the urea reabsorbed downstream

vasopressin secretion in experimental animals [122] as well as in humans [123,
124]. The amount of urea reabsorbed in the collecting duct under the influence of
vasopressin has been largely underestimated. Figure 10.15 shows results of micro-
puncture studies [37]. For a urine/plasma ratio of Inulin concentrations of 120, as
much of 40% of the filtered urea are reabsorbed between the early distal tubule and
the final urine. Since the permeability of the distal tubule to urea is quite low, most
of this urea is reabsorbed in the CD, and most of it in the IMCD through UT-A1/3
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activated by vasopressin. When FEurea is evaluated during chronic studies, with
urine collected in metabolic cages over 24 h without disturbance of the animals, the
high fractional excretion of urea is clearly seen, as shown in Table 10.2. Fractional
excretion of urea was above 50% in normal rats, and above 100% in rats with a low
urine concentrating activity (induced by adding water to their food) [125].

Note FEurea does not need to exceed 100% to indicate the existence of significant
urea secretion. About half of the filtered urea is reabsorbed in the proximal convo-
luted tubule, whatever the level of diuresis [37]. This urea has no chance to be re-
introduced into the nephron because the very high blood flow in the cortex returns
all reabsorbed solutes to the general circulation. Thus, even assuming there is no
additional reabsorption of urea further down in the collecting duct, any figure of
FEurea above 50% suggests that net tubular secretion occurs.

Another originality of this review is that it proposes a transporter responsible for
this urea secretion, based only on the analysis of the literature. The experimental
observations that support a urea/glycine counter-transport by SLC6A18 are very
strong. But this will remain an attractive hypothesis until this transport will be
proven experimentally. The best demonstration would be the study of transepithelial
urea fluxes in isolated pars recta of rats or mice when glycine is available in the bath
and lumen, as done in rabbit tubules by Kawamura [42]. Feeding the animals with a
high protein diet for a few days before the experiments would probably increase the
intensity of this transport. Studies in vitro in transfected cells will require the simul-
taneous transfection of SLC6A18 and collectrin (or ACE2), a chaperone that is
required for the insertion of the transporter in the cell membrane [63, 126]. It should
be easy to evaluate if AQP7 transports glycine in amphibian oocytes injected with
AQP7 cRNA, as previously described [70].

If SLC6A1S is really responsible for urea secretion in the mammalian kidney, a
clear phenotype should appear in mice with SLC6A 18 knockout. The plasma con-
centration of urea should be significantly higher than in wildtype mice, and the
fractional excretion significantly lower, a phenotype ressembling that of familial
azotemia. Unfortunately, the investigators who studied such mice did not measure
plasma urea.

Even if these validations are not yet available, it is important now to integrate in
our concept of renal physiology that urea is secreted in the proximal tubule in sig-
nificant amounts by an energy-dependent process. And that this secretion keeps the
fractional excretion of urea within a reasonable range (30-50%) in spite of the
marked reabsorption induced by vasopressin in the collecting duct. It will also be
important to better characterize the role of urea secretion on the regulation of the
glomerular filtration rate, and the possible stimulation of this secretion by liver-
borne cAMP (under the influence of glucagon).
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