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Urea Transporters edited by B. Yang and J.M. Sands is a compendium of chapters 
about urea transport across membranes and the transporters/channels that medi-
ate it. This is the first book on urea transport since a classic book Urea and the 
Kidney edited by Bodil-Schmidt Nielsen in 1970. The editors have recruited the 
top workers in the field worldwide to provide us with a far-reaching accounting of 
the world’s knowledge about urea transport. The book deals with most aspects of 
urea transport from urea transporter molecules, illustrating that the SLC14 family 
of proteins most likely function as urea channels and not carriers. The chapter on 
the use of transgenic knockout mice to study renal urea transporters by Fenton and 
Yang is particularly informative, providing the latest information on the relation-
ship between urea transport and the urinary concentrating mechanism. An exciting 
chapter on small molecule inhibitors of urea channels by Verkman and colleagues 
provides insight into urea channels as pharmacological targets. Since SLC14 iso-
forms UT-A1 and UT-A3 are expressed in the inner medullary collecting duct, 
downstream from sites of sodium chloride transport, inhibition of these transport-
ers can be expected to increase water excretion without affecting sodium chloride 
balance. Thus, this family of drugs may provide us with new therapeutic agents for 
the treatment of water balance disorders.

I expect that this book will be highly useful as a comprehensive reference work 
to provide a foundation for future studies of urea transport. We are living in an 
era of information glut, and works such as the one provided by Yang and Sands 
are invaluable as a means to rapidly assimilate information on a given topic going 
back to the earliest studies. The scholarship is exceptional and book is as up-to-
date as it can be in this era of rapidly expanding knowledge. I wish that more 
books with this level of focus and scholarship were available.

Mark A. Knepper

Foreword
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Chapter 1
Overview and Historical Perspective

Baoxue Yang and Jeff M. Sands

© Springer Science+Business Media Dordrecht 2014 
B. Yang and J.M. Sands (eds.), Urea Transporters, Subcellular Biochemistry 73,  
DOI 10.1007/978-94-017-9343-8_1

Keywords Urea · Urea transporter · Membrane transporter · Solute

Urea (O = C(-NH2)2; radius 2 Å; mol. wt. 60 Da) is a small planar, trigonal, and 
water soluble molecule that was recognized as a main constituent of urine in the 
seventeenth century. It was also the first organic molecule synthesized from inor-
ganic salts. It was initially isolated from urine in 1773 by Hillaire-Marin Ronelle. 
Subsequently, Friedrich Wöhler discovered in 1828 that evaporation of an aqueous 
solution of inorganic ammonium cyanate salt resulted in the production of urea. 
This finding was the first evidence to refute the doctrine that an essential vital 
force inherent in living cells was necessary to make organic compounds. In the 
nineteenth century, the role of the kidneys in ensuring the clearance of this waste 
product from the body was revealed by the observation of urea accumulation in 
the blood after experimental bilateral nephrectomy.

Urea has a low solubility in lipids and a correspondingly low permeability 
through artificial lipid bilayers (4 × 10−6 cm/s [1]) that lack any transport pro-
teins to facilitate its transfer. Urea permeability through human erythrocytes is 
high (1.2 × 10−3 cm/s  [5]) as a result of a specific urea transporter, UT-B. Urea 
transporters in erythrocytes and in the kidney play a pivotal role in the urine con-
centrating mechanism and the conservation of body water. In 1934, Gamble and 
colleagues wrote that it is “…an interesting instance of biological substances that 
the largest ‘waste product’ in urine incidentally performs an important service 
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2 B. Yang and J.M. Sands

to the organism” [2]. Two seminal papers from 1972, Kokko and Rector [3] and 
Stephenson [8], proposed passive equilibration models for urine concentration in 
the inner medulla that depend upon the delivery of large quantities of urea to the 
deep inner medulla. The accumulation of urea in the inner medullary interstitium 
is accomplished through the axial heterogeneity of urea permeabilities along the 
collecting duct, which delays urea reabsorption to the deepest portion of the inner 
medullary collecting duct (IMCD) [6, 7], and the asymmetry of urea transport 
across the erythrocyte, which minimizes the loss of urea from the inner medulla by 
increasing the efficiency of countercurrent exchange of urea in the vasa recta [4]. 
Thus, the ability to produce concentrated urine and conserve body water depends 
upon urea transporters in both the kidney medulla and erythrocytes.

The reader of this book may wonder why the kidney or the erythrocyte needs 
urea transporters when most textbooks state that urea is freely permeable across 
cell membranes. Even though the permeability of urea in artificial lipid bilayer 
membranes is quite low, urea will diffuse across cell membranes and achieve equi-
librium given enough time. In the kidney, the transit time, both for tubule fluid 
through the collecting duct and for erythrocytes through the vasa recta, is too fast 
to allow urea concentrations to reach equilibrium by passive diffusion. In addition, 
the need to concentrate urea within the inner medullary interstitium in order to 
maintain the urea gradient that is required for the generation of concentrated urine 
[3, 8] indicates the need for urea transport process(es) that can be regulated. This 
book is the first on urea transporter proteins. In the remainder of this chapter, we 
provide brief highlights of the content of each chapter.

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. Urea is then elim-
inated through fluids, especially urine. Blood urea nitrogen has been utilized to 
evaluate renal function. The metabolic processing of urea is altered in several 
conditions, including changes in diet, hormones, and several diseases. Available 
clinical information and experimental data suggest the importance of urea in renal 
function, extra renal physiology and as a diagnostic tool in several clinical condi-
tions (Chap. 2).

From a relatively low concentration in the plasma and glomerular ultrafil-
trate (4–10 mM), urea is progressively concentrated along the nephron up to 
40–400 mM in human urine and 100–l,000 mM in rat urine. The kidney trans-
forms large quantities of urea-poor plasma into a small volume of urea-rich urine. 
The structural organization is believed to result in preferential interactions among 
tubules and vasa recta, interactions that may contribute to more efficient counter-
current exchange or multiplication, to urea cycling and urea accumulation in the 
inner medulla, and to sequestration of urea or NaCl in particular tubular or vascu-
lar segments (Chap. 3).

As mentioned above, urea is a small, highly polar molecule with low 
lipid solubility, and it has a low permeability through artificial lipid bilayers 
(4 × 10−6 cm/s). Traditional wisdom (and most textbooks) states that urea is 
freely permeable across cell membranes. A specific facilitated urea transport pro-
cess was first proposed in 1987 in rabbit and rat terminal IMCDs. The existence of 

http://dx.doi.org/10.1007/978-94-017-9343-8_2
http://dx.doi.org/10.1007/978-94-017-9343-8_3
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urea transport proteins was confirmed when the first urea transporter was cloned 
in 1993. The urea transporters have two major subgroups, designated UT-B and 
UT-A. There are 6 distinct protein isoforms of UT-A: UT-A1 to UT-A6 (Chap. 4). 

To date, crystal structures of two evolutionarily distant urea transporters have 
been solved. These structures reveal a common urea transporter fold involving two 
structurally homologous domains that encircle a continuous membrane-spanning 
pore and indicate that urea transporters transport urea via a channel-like mecha-
nism. Examination of the conserved architecture of the pore, combined with crys-
tal structures of ligand-bound proteins, molecular dynamics simulations, and 
functional data on permeation and inhibition by a broad range of urea analogs and 
other small molecules, provides insight into the structural basis of urea permeation 
and selectivity (Chap. 5).

Urea transporters are subject to regulation both acutely and by long-term meas-
ures. Rapid regulation of UT-A1 results from the combination of phosphorylation 
and membrane accumulation. Other acute influences on urea transporter activ-
ity are ubiquitination and glycosylation. Long-term regulation of urea transport 
closely associates with the environment that the kidney experiences. Low protein 
diets and low osmotic diuresis prompt an increase in urea transporter protein abun-
dance in the kidney. Urea transporter abundances are reduced in aging animals and 
animals with angiotensin converting enzyme deficiencies (Chap. 6).

UT-A1 can be polyubiquitinated and degraded through the proteasome path-
way and can also be monoubiquitinated and degraded in the lysosomal system. 
Ubiquitination could be a key regulator of UT-A1 sorting, trafficking, and protein 
turnover. The caveolin-mediated pathway is responsible for constitutive UT-A1 
internalization, whereas the clathrin-coated pit pathway may regulate UT-A1 
endocytosis stimulated by vasopressin in vivo (forskolin in vitro), and the latter 
pathway 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 sur-
face UT-A1 (mostly from the caveolae-mediated endocytic pathway) are polyubiq-
uitinated and targeted to the proteasome for degradation (Chap. 7).

UT-B represents the major urea transporter in erythrocytes. UT-B is highly 
permeable to urea and chemical analogues formamide, acetamide, methylu-
rea, methylformamide, ammonium carbamate, and acrylamide. Urea analogues 
dimethylurea, acryalmide, methylurea, thiourea, and methylformamide inhibit 
UT-B-mediated urea transport by >60 % by a pore-blocking mechanism. UT-B is 
also a water channel in erythrocytes with similar single-channel water permeabil-
ity as aquaporin-1. Whether UT-B is an NH3 channel still needs further study. The 
urea permeability of erythrocytes varies depending upon the mammalian species 
from which the erythrocytes are harvested (Chap. 8).

In kidney, UT-B is located primarily in the descending vasa recta. UT-A1 and 
UT-A3 are found in the inner medullary collecting duct, while UT-A2 is located 
in the thin descending limb. These transporters are crucial to the kidney’s ability 
to concentrate urine. Physiological roles of urea transporters in kidney have been 
studied using genetically engineered mouse models. Mice lacking UT-A1/UT-A3, 

http://dx.doi.org/10.1007/978-94-017-9343-8_4
http://dx.doi.org/10.1007/978-94-017-9343-8_5
http://dx.doi.org/10.1007/978-94-017-9343-8_6
http://dx.doi.org/10.1007/978-94-017-9343-8_7
http://dx.doi.org/10.1007/978-94-017-9343-8_8
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UT-A2, UT-B, or UT-A2 and UT-B have decreased maximal urine concentrat-
ing ability. The reported phenotypes demonstrate that urea transporters mediate 
intrarenal urea recycling, which plays an important role in the urine concentration 
mechanism (Chap. 9).

The urea transporter UT-B is expressed in erythrocytes, kidney, brain, heart, 
liver, colon, bone marrow, spleen, lung, skeletal muscle, bladder, prostate, testis, 
etc., in mammals. Extrarenal phenotype analysis of UT-B null mice has found that 
UT-B deletion results in urea accumulation in the hippocampus, which induced 
depression-like behavior probably by interfering with the NOS/NO system. UT-B 
deletion causes a cardiac conduction defect, and TNNT2 and ANP expression 
changes in the aged UT-B null heart. UT-B also plays a very important role in 
protecting bladder urothelium from DNA damage and apoptosis by regulating the 
urea concentration in urothelial cells. UT-B functional deficiency results in urea 
accumulation in the testis and early maturation of the male reproductive system 
(Chap. 10).

Since knockout mice lacking the urea transporters are polyuric, urea transporter 
inhibitors are potential targets for the development of a novel class of diuretics. 
Recently, several classes of urea transporter inhibitors were reported. Further 
development of these intriguing compounds would be quite exciting. An Inhibitor 
of the inner medullary collecting duct urea transporters, UT-A1 and UT-A3, is par-
ticularly attractive as a drug target since they are located in the last portion of the 
nephron and hence should have minimal downstream effects on electrolyte excre-
tion, in contrast to conventional diuretics that act in more proximal portions of the 
nephron (Chap. 11).

UT-B in the plasma membrane of erythrocytes was identified as the Jk antigen, 
which determines the Kidd blood type in humans, and is involved in transfusion 
medicine and organ transplantation. The Jk (a-b-) blood type is a consequence 
of a silent Slc14A1 gene caused by various mutations related to lineage. In addi-
tion, the specific mutations in the Slc14A1 gene related to hypertension and meta-
bolic syndrome cannot be ignored. Genome-wide association studies established 
Slc14A1 as a related gene for bladder cancer and some genotypes are associated 
with higher morbidity (Chap.  12).

Clearance of urea from the body is usually considered to result only from glo-
merular filtration with some reabsorption of urea along the nephron. Active urea 
secretion is not thought to take place in the mammalian nephron. However, several 
pieces of evidence, obtained in humans and experimental animals, not only sug-
gest but also prove that a large fraction of urea found in the urine must have been 
added by secretion. Active urea uptake or secretion is present in early forms of life 
(bacteria and yeast) and lower vertebrates (elasmobranchs, some amphibians). It 
is thus not unlikely that such function has been conserved through evolution up to 
mammals (Chap. 13). 

Aquaporins (AQPs) are a family of membrane water channels that basically 
function as regulators of intracellular and intercellular water flow. Some of AQPs, 
the glyceroaquaporins, also transport urea, glycerol, ammonia, hydrogen perox-
ide, and gas molecules. AQP-mediated osmotic water transport across epithelial 

http://dx.doi.org/10.1007/978-94-017-9343-8_9
http://dx.doi.org/10.1007/978-94-017-9343-8_10
http://dx.doi.org/10.1007/978-94-017-9343-8_11
http://dx.doi.org/10.1007/978-94-017-9343-8_12
http://dx.doi.org/10.1007/978-94-017-9343-8_13
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plasma membranes facilitates transcellular fluid transport and thus water reabsorp-
tion. AQP-mediated urea and glycerol transport are involved in energy metabolism 
and epidermal hydration. AQP-mediated CO2 and NH3 transport across mem-
branes maintain intracellular acid–base homeostasis. AQPs are also involved in the 
pathophysiology of a wide range of human diseases (Chap. 14).
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Chapter 2
Urea

Hongkai Wang, Jianhua Ran and Tao Jiang

© Springer Science+Business Media Dordrecht 2014 
B. Yang and J.M. Sands (eds.), Urea Transporters, Subcellular Biochemistry 73,  
DOI 10.1007/978-94-017-9343-8_2

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. The 
metabolic process is altered in several conditions such as by diets, hormones, 
and diseases. Urea is then eliminated through fluids, especially urine. Blood urea 
nitrogen (BUN) has been utilized to evaluate renal function for decades. New 
roles for urea in the urinary system, circulation system, respiratory system, diges-
tive system, nervous system, etc., were reported lately, which suggests clinical 
significance of urea.

Keywords Urea · Urea cycle · BUN

Generation of Urea

Urea is a polar, highly water soluble, and charge-neutral molecule, with an oxygen 
and two nitrogen atoms serving as hydrogen bond acceptors, and two amino func-
tions providing a total of four hydrogen bonds for donation (Fig. 2.1). A solution 

H. Wang · J. Ran (*) 
Department of Anatomy and Neuroscience Center, Basic Medical College,  
Chongqing Medical University, Yixueyuan Road 1, Chongqing 400016, China
e-mail: ranjianhua@cqmu.edu.cn

H. Wang 
e-mail: wanghongkai1993@gmail.com

T. Jiang 
Department of Pharmacology, School of Basic Medical Sciences,  
Peking University, Beijing 100191, China
e-mail: 151355076@qq.com



8 H. Wang et al.

of urea is colorless, odorless, and neither acidic nor alkaline. In 1932, Hans Krebs 
and Kurt Henseleit discovered the biosynthesis pathway of urea in mammalian 
liver in vitro, and this pathway was subsequently named as the urea cycle (also 
known as the ornithine cycle) [95]. The urea cycle is as necessary to life as is the 
Krebs cycle (also known as the TCA cycle). The generation of urea serves a key 
role in protein catabolism in mammals.

The urea cycle consists of five enzymatically controlled reactions: The first two 
steps happen in the mitochondria and the rest happen in the cytosol (Fig. 2.2). This 
ammonia disposal mechanism, i.e., the urea cycle, was expounded by a series of 
studies [71, 75, 108, 136, 143, 144, 145, 146, 147, 148, 153, 154, 163, 166].
Step 1: Location: mitochondria; catalyzed by carbamoyl phosphate synthetase I 
(CPS-1); rate-limiting step

Step 2: Location: mitochondria; catalyzed by ornithine transcarbamoylase (OTC)

Step 3: Location: cytosol; catalyzed by argininosuccinate synthetase (ASS); rate-
limiting step

Step 4: Location: cytosol; catalyzed by argininosuccinate lyase (ASL)

NH3 + CO2 + H2O+ 2ATP → carbamoyl phosphate+ 2ADP+ Pi

carbamoyl phosphate+ ornithine → citrulline+ Pi

citrulline+ aspartate+ ATP → argininosuccinate+ AMP+ PPi

argininosuccinate → arginine+ fumarate

Fig. 2.1  The molecular 
structure of urea. The 
molecular formula is 
CO(NH2)2; the molecular 
mass is 60.06 g/mol

Fig. 2.2  The urea cycle. The 
process happens around the 
membrane of mitochondria
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Step 5: Location: cytosol; catalyzed by arginase I (ARG-1)

Therefore, the overall equation of the urea cycle is:

Or it sums up as:

Apart from the above five enzymes, several other proteins participate in efficient 
functioning of the pathway in vivo, including glutaminase, glutamate dehydrogenase, 
N-acetylglutamate synthetase, mitochondrial aspartate/glutamate transporter, and 
mitochondrial ornithine/citrulline transporter [17, 28, 43, 83, 93, 126, 130, 202]. The 
complete urea cycle also exists in enterocytes in mammals [45], whereas the three 
cytoplasmic enzymes are found in a variety of other tissues such as stratum corneum 
[118], brain [36], mammary gland [149], kidney [149], submaxillary salivary gland 
[149], epididymis [149], eye [142], and endothelium [211]. (Fig. 2.3). The physiol-
ogy of the incomplete urea cycle in these organs is to synthesize products, such as 
polyamines and NO, which catalyzed the conversion of arginine to ornithine.

In ureotelic animals such as mammals, the physiological significance of the 
urea cycle in liver is to convert the cytotoxic ammonia to much less toxic urea, 
even though the synthesis has a net energy cost [48, 117, 156]. Urea is not able 
to be further metabolized by mammalian tissues but urea markedly inhibits ure-
agenesis itself as negative feedback regulation [50]. Though it converts a basic 
substance to a neutral one, the urea cycle is not involved in the regulation of acid–
base homeostasis because it cannot be regulated by acid or base load [21, 25, 26]. 
In conditions where the urea cycle in liver fails, such as in cirrhosis [125, 195], the 
accumulation of ammonia that causes hepatic encephalopathy is fatal [40, 191]. 
Body nitrogen balance is controlled via regulation of the generation of urea [217].

Protein in the diet can raise urea synthesis through upregulation of urea cycle 
enzymes to 300 % above what is present at the onset of a fast [160]. Under con-
ditions of varying dietary protein quality, the liver level of free amino acids may 
limit the rate of the urea synthesis, primarily without a change of enzyme activities 
[72]. Infusion of glucose-alone elicits a significant reduction in ureagenesis [67, 
69]. Xylitol inhibits urea synthesis and alanine metabolism [68]. In rats fed with 
a high-fat diet, ARG-1 is downregulated, which may lead to a lower rate of urea 
generation [122]. Defects in the urea cycle enzyme systems may be present in rats 
fed with a zinc-deficient diet, which is linked to deficiency of OTC [141].

Urea biosynthesis is susceptible to regulation by hormones. Insulin decreases 
the capacity for urea synthesis [69]. In insulin-dependent diabetes mellitus, the 
generation of urea in rat liver is elevated through upregulation of CPS-1 and 
OTC, causing negative nitrogen balance [88]. When cultured hepatocytes are 
supplemented with amino acids, high insulin preconditioning downregulates 
urea synthesis by means of downregulating CPS-1, OTC, ASS, and ARG-1 [98]. 
Additional dexamethasone induces the expression of CPS-1, ASS, ASL, and 

arginine+ H2O → ornithine+ urea

NH3 + CO2 + aspartate+ 3ATP+ 2H2O → urea+ fumarate+ 2ADP+ 2Pi+ AMP+ PPi

2NH3 + CO2 + 3ATP+ H2O → urea+ 2ADP+ AMP+ 4Pi
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ARG-1 in cultured fetal hepatocytes, which can be inhibited by insulin treatment 
[80]. Contrarily, glucagon infusion independently accelerates the rate of urea 
generation in both humans and rodents [4, 67, 196]. The urea synthesis rate is 
markedly reduced in patients with chronic pancreatitis whose glucagon secretion 
is impaired [66]. The effect of glucagon administration on the urea cycle relies 
on upregulating CPS-1, ASL, and ARG-1 in cultured fetal hepatocytes [79, 81]. 
Hyperinsulinemic-induced hypoglycemia patients, whose glucagon concentra-
tion is doubled, have a markedly high rate of urea biosynthesis [64]. Adrenergic 
agonists (phenylephrine and norepinephrine) stimulate the generation of urea, as 
compared to untreated hepatocytes in vitro [91]. Both exogenous and endogenous 
glucocorticoids can upregulate hepatic urea synthesis [62, 79, 80, 161, 206, 207], 

Fig. 2.3  The organs generating urea. The organs generating urea include liver, brain, eye, sub-
mandibular gland, thymus, lung, mammary gland, heart, spleen, adrenal, pancreas, kidney, intes-
tine, bladder, prostate, testis, epididymis, skeletal muscle, vessel, erythrocyte, and skin
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which can be reversed by a glucocorticoid receptor blocker [73]. Growth hormone 
and insulin-like growth factor I can either singly or in combination decrease urea 
biosynthesis by downregulating all five enzymes [62, 63, 206]. Patients infused 
with somatostatin display higher rate of the urea synthesis [74].

The generation of urea is also affected in other conditions. Iron overload in 
liver can be found in patients with hemochromatosis, alcoholic liver disease, and 
chronic viral hepatitis, or secondary to repeated blood transfusions. Based on a 
proteomic analysis, elevated CPS-1, OTC, and ARG-1 levels were found in iron-
overloaded patients, which may lead to higher rate of the urea synthesis [137]. 
Liver cirrhosis decreases the level of urea cycle enzymes [191], resulting in low 
efficacy of urea synthesis [195]. Release of endotoxin lipopolysaccharide (LPS) 
during infection in cirrhosis can separately impair the urea synthesis process by 
decreasing urea cycle enzymes as well [125]. Thus, the reduced capacity to detox-
ify ammonia may be the reason why infection exacerbates hepatic encephalopathy 
in patients with cirrhosis [40]. The levels of all five urea cycle enzymes are signifi-
cantly lower in hepatoma, which is considered as the next step of cirrhosis [27].

Moreover, the rate of urea synthesis is also elevated in other cachectic tumor-
bearing rats, which implies negative nitrogen balance in cancer cachexia [41]. 
Inflammatory cachexia, such as in rheumatoid arthritis, shows elevated gen-
eration of urea in liver [216]. Severe stress, like pain, upregulates liver function 
including urea synthesis [61]. The rate of urea synthesis rises during the TNF-α 
induced acute-phase response [185]. Further study suggested that IL-6 contributes 
to downregulation of urea cycle genes but displays no effects on the upregulated 
rate of urea synthesis [184]. What is more, the LPS-induced acute-phase response 
upregulates urea synthesis in vivo [124].

The urea cycle enzymes are significantly increased in chronic vitamin A defi-
ciency, which causes a much higher rate of urea generation [51]. In acute and 
chronic uremia, the urea production rate in liver is increased by means of elevated 
levels of urea cycle enzymes after it went through a temporary early-stage down-
regulation [3, 76, 123]. This phenomenon is probably induced by varied glucagon 
levels in uremia [3]. In rats with obesity, as a result of which the rate of urea bio-
synthesis is low, all urea enzymes are decreased especially CPS-1 and ASS [16]. 
The deficit of ureagenesis is also found in fatty liver with low levels of urea cycle 
enzymes [116, 186]. The generation of urea is increased in patients with active 
inflammatory bowel disease due to an unknown mechanism [106].

Some compounds have the capacity to influence the generation of urea in liver. 
Diuretics such as xipamide, mefruside, chlortalidone, and chlorothiazide but not 
furosemide inhibit urea synthesis from the first step in liver due to an inhibition 
of mitochondrial carbonic anhydrase that supplies CO2 to the urea cycle [82]. In 
contrast, acute moderate dehydration caused by furosemide downregulates urea 
synthesis; this effect is mediated by reduced glucagon levels [84]. The increased 
rate of urea synthesis in non-insulin-dependent diabetes mellitus can slow down 
after prostaglandin E1 infusion [113]. In large-dose caffeine-treated rats, increased 
urea synthesis has been found as a consequence of upregulated CPS-1 and ASS 
[89]. Acute exposure to low ethanol concentrations transiently leads to suppression 
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of the capacity for urea synthesis, presumably due to the decrease in the NAD/
NADH ratio during catabolism of ethanol [86]. Protein amounts of CPS-1, ASS, 
and OTC are all decreased in perfluoroalkyl acids (synthetic toxicant with world-
wide environmental distribution)-treated rats [199]. L-carnitine protects mice from 
an acute ammonia load by means of accelerating the rate of urea generation [42].

Excretion of Urea

Urea, as a terminal product, is subsequently excreted out of the organism after genera-
tion. It is well known for centuries that approximately 90 % of urea is eliminated in 
urine by the kidney, which is the origin of its name [44]. In humans, the daily excretion 
of urea in urine is around 30 g. Urea is excreted not only by glomerular filtration, but 
also by tubular secretion [96, 162]. Studies have also found excretion of urea in sweat 
[164], tears [183], saliva [2, 31], and digestive fluid (feces) [23, 29, 170] in humans.

Table 2.1 illustrates in numbers the special features of urea handling in dif-
ferent mammals. It shows the wide differences among humans, cows, dogs, rats, 
and mice in urinary urea concentration. The plasma urea level is relatively low 
(5–10 mmol/l) in these mammals, and the urea concentration in the urine may be 
60 times higher than in the plasma in humans and up to 200 times in mice. Thus, a 
very large fraction of the concentrating effort of the kidney is devoted to the con-
centration of urea. Though the kidney is the main organ to dispose of urea, the 
process herein is not just as simple as filtration and concentration. Urea is “seques-
trated” in the inner medulla [193] via urea transporters that mediate intrarenal urea 
recycling process [15] (see Chaps. 9 and 13).

Clinical Significance of Urea

Urinary System

Clinicians usually use blood urea nitrogen (BUN) to measure the amount of nitro-
gen coming from urea in the blood as an index of renal function [187]. An increase 
in BUN is associated with many factors including the following: (1) Prerenal 

Table 2.1  Urea concentration in mammalian

Mice Rats Dogs Humans Cows

Plasma urea 
concentration, 
mmol/l

9 5 4 5 5

Urine urea 
concentration, 
mmol/l

1,800 700 620 285 260

U/P urea 200 140 155 60 52

References Yang and 
Bankir [215]

Yang and 
Bankir [215]

Spector et al. 
[174]

Yang and 
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Spek et al. 
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causes. The most common manifestation is hypovolemia. Due to a shortage of 
renal blood supply, the glomerular filtration rate is reduced, causing an increase of 
BUN. This can occur as a result of massive hemorrhage or diarrhea. (2) Intrarenal 
causes, such as glomerulonephritis, chronic pyelonephritis, and toxic nephritis. A 
deficiency of renal function causes reduced excretion and leads to urea accumula-
tion. (3) Postrenal causes. Whatever etiology leads to the blockage of the urinary 
tract can produce a high BUN level, such as prostatic hypertrophy, urolithiasis, 
and bladder cancer. These pathological changes press on the urethra and block 
urine flow, which interferes the major urea excretion pathway.

Above all, urea acts as an indispensable contributor in laboratory diagnosis and 
has a strong relevance with kidney. Unfortunately, BUN is inferior to other mark-
ers to evaluate renal function, even without mentioning that dysfunction of one 
kidney is often masked by the healthy one. BUN is not a reliable marker because 
it is easily influenced by causes unconnected to glomerular filtration rate, includ-
ing tissue breakdown, high protein intake, and major gastrointestinal hemorrhage 
[187, 197]. It can be elevated in patients suffering from non-alcohol fatty liver dis-
ease [104]. Besides, BUN even increases with age while the fractional excretion of 
urea decreases with age [121]. The importance of evaluating renal function only 
by urea fades away due to the factors mentioned above.

Nonetheless, recent studies also unveiled clinical significance of urea in other 
fields. Fractional excretion of urea below 40 % was found to be a sensitive and 
specific index to differentiate transient from persistent acute kidney injury in 
patients [47], while another study showed fractional excretion of urea less than 
35 % can distinguish acute kidney injury from its two main causes: prerenal state 
and acute tubular necrosis [33]. But other studies discovered that fractional excre-
tion of urea changes are age related, suggesting that the above statistics may call 
for a reanalysis [121]. A study even declared that the fractional excretion of urea 
is a poor predictor of acute kidney injury, especially in distinguishing transient and 
persistent acute kidney injury [205]. The relationship between fractional excretion 
of urea and acute kidney injury is still waiting for clarification. Patients with dia-
betes mellitus and hypertension are predisposed to kidney diseases, and those with 
significantly low urinary urea concentration as a biomarker have a worse prognosis 
[20]. For geriatric patients, BUN is an independent predictor of morbidity to get 
urinary tract infections [60]. BUN is also one of the factors that predict the need 
for nephrectomy in patients with renal trauma [169].

Acute renal failure is a common complication of rhabdomyolysis [179]. BUN 
may be one of the important predictive factors to indicate the patients with rhab-
domyolysis that may develop acute renal failure [38]. A similar trial in New 
York suggests that only BUN and blood creatinine can predict which patients 
with rhabdomyolysis will develop the complications of acute renal failure and 
require hemodialysis [56]. On the contrary, a case report exhibited the opposite 
result that BUN is not reliable [198]. The argument whether BUN is an appro-
priate predictor in this situation may need a further multicenter clinical trial or 
meta-analysis.

Kidney dialysis adequacy is determined presently through the use of a dimen-
sionless parameter called the urea reduction ratio that compares the predialysis 
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with the postdialysis levels of BUN as determined through laboratory analyses of 
blood samples taken at the beginning and at the end of a dialysis treatment [12]. 
Patients with low or high urea levels exhibited higher mortality than those with 
medium levels, while both low and high levels of urea are independent predictors 
of all-cause mortality [177]. Dialysis disequilibrium syndrome is prevented by the 
use of dialysate-containing urea at a concentration similar to that of the patient’s 
blood [87].

Circulation System

The BUN level has a strong predictive significance for cardiovascular outcomes 
and all-cause mortality. A number of studies strongly recommend monitoring BUN 
as a predictor of prognosis in both acute heart failure and chronic heart failure, 
resulting from the high correlation between increasing BUN and bad outcomes [7, 
9, 34, 35, 37, 55, 57, 59, 78, 92, 97, 133, 151, 157, 168, 172, 214]. Quantitatively, 
a significant cardiovascular risk is associated with the diagnosis of chronic renal 
failure through the hematocrit, urea in plasma, and gender (HUGE) formula [152]. 
Moreover, during treatments for heart failure, BUN can identify patients destined-
to-experience adverse outcomes associated with the use of high-dose loop diu-
retics—the patients can get maximum benefit from this double-edged sword by 
properly monitoring the BUN [128, 182]. A further study also considered BUN as 
a predictor to reflect the response of diuretics in acute heart failure [192].

The BUN level is a better factor than the creatinine level when it is associ-
ated with the hardness of decision to perform a cardiac catheterization on patients 
who present symptoms of unstable angina without known prior history of coro-
nary artery disease [129, 158]. Still as a predictor, increasing BUN level correlates 
with a high long-term mortality in patients diagnosed as myocardial infarction [8, 
107]. Even after coronary artery bypass grafting, a high BUN is still an independ-
ent risk factor for mortality, which strongly suggests cardiologists should monitor 
a patient’s BUN level throughout their hospital course [70].

Respiratory System

Community-acquired pneumonia is common and is associated with a consider-
able risk of death [6]. After international multicenter derivation/validation studies, 
CURB-65 score (an abbreviation of confusion, BUN >7 mmol/L, respiratory rate 
≥30/min, BP ≤60 mmHg, and age ≥65 years) gets commonly used and widely 
practiced as an assessment tool of the severity and short-term mortality of com-
munity-acquired pneumonia in daily clinical work. Each element of the CURB-
65 score counts 1 point and a bad outcome is revealed when the CURB-65 score 
is >3 points [99, 120, 213]. Considering its effective prediction of both bacterial 
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pneumonia [213] and viral pneumonia [120], the CURB-65 score may be an 
assessment tool regardless of pathogen. The CURSI score, in place of BP and age 
by shock index (SI), was also established for elderly patients [127]. A recent study 
of bacteremic pneumococcal pneumonia in elder patients also found a relation 
between BUN and mortality [155]. Another score called the PORT rule (respira-
tory rate, temperature, pH, BUN, and sodium concentration) was created to help 
pulmonologists make decisions about whether to hospitalize patients with mild 
community-acquired pneumonia [58]. Stevens–Johnson syndrome and toxic epi-
dermal necrolysis are severe life-threatening conditions. Once bronchial epithelial 
is implicated in these conditions, they can cause acute respiratory failure. Elevated 
BUN is a variable in a multivariate analysis to predict at-risk patients who need 
early management of mechanical ventilation [139]. To assist physicians with dif-
ficult decisions about hospital admission for patients with an acute exacerbation 
of chronic obstructive pulmonary disease (COPD) presenting in the emergency 
department, 5 risk factors including prior intubation, initial heart rate ≥110/min, 
being too ill to do a walk test, hemoglobin <100 g/L, and urea ≥12 mmol/L were 
set up [176]. Patients who are assessed at score of 2 or higher are strongly recom-
mended for hospitalization.

Digestive System

A large proportion of the digestive tract and glands are associated with urea in 
clinical practice. Helicobacter pylori infection is associated with a wide range of 
gastrointestinal diseases such as functional dyspepsia, gastroesophageal reflux dis-
ease, chronic active gastritis, peptic ulcers, and even gastric malignancies [39, 46, 
132]. The marvelous discovery of Helicobacter pylori almost kicked peptic ulcer 
out of the surgical department, except for severe complications such as perfora-
tion and massive hemorrhage [201]. Nowadays, diagnosing H. pylori infection 
and then starting an eradication therapy is routine and fundamental knowledge for 
gastroenterologists in clinical practice around the world [111]. 13C and 14C urea 
breath tests are broadly used to probe the presence of H. pylori in stomach as the 
best type of noninvasive method in this field [10]. Patients firstly swallow a cap-
sule containing urea labeled with 13C or 14C. If H. pylori is present in stomach, the 
bacterium metabolizes the urea into nitrogen and carbon (as CO2). The CO2 would 
be absorbed across the lining of the stomach into blood. It is eventually excreted 
through the lungs by breath. The result of a urea breath test is quantitative so as to 
estimate the integral load of the bacteria and severity of gastritis [134]. Physicians 
always call for another round of urea breath test to evaluate the eradication treat-
ment, which is helpful for determining the next prescription [171]. As a mature 
technique and an easily acceptable one, as contrasted with endoscopic biopsy, the 
efficiency and safety when it is performed on children have been well proved and 
all-age stages of children have been benefited from this test [32, 194]. However, 
clinicians and technicians are supposed to realize the influences of baseline caused 
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by age and gender [115, 219]. Furthermore, in a proof-of-concept study, 13C urea 
may be a suitable marker to assess the in vivo fate of colon-targeted dosage forms 
given by mouth (a special type of capsule) [159]. The 13C urea breath test was 
found as a novel biomarker of diagnosis and treatment for tuberculosis in rabbits, 
so further research on humans can be valuable [85].

In acute hepatitis A, BUN level >36 mg/L is a predictor of mortality [110]. 
High BUN level independently contributes to prediction of mortality in pyogenic 
liver abscess patients [5]. In patients who have a paracetamol overdose, BUN per 
se can predict hepatotoxicity [200]. A new score consisted of BUN, hemoglobin, 
systolic blood pressure, and comorbid conditions apply to identify the risk strat-
ification of acute upper-gastrointestinal hemorrhage. It marks the severity of the 
bleeding and judges whether the patient needs clinic intervention and hospital 
admission [22].

Acute pancreatitis is a devastating disease with extensive morbidity and 
mortality so that it is imperative that clinicians recognize patients who may 
end up in severe outcomes at an early stage. BUN, as a single marker, is a use-
ful, routine, easy-to-perform sensitive index to predict the severity and the mor-
tality of the acute pancreatitis in the early assessment [53, 190, 209, 210]. 
Pancreaticoduodenectomy, which is performed on patients with pancreatic carci-
noma, etc., has a high morbidity rate of complications. A BUN level of 20 mg/dL 
or greater can help surgeons identify patients who are at increased risk of mor-
bidity and mortality after pancreaticoduodenectomy [204]. Further study exhibited 
that high BUN on the first postoperative day is associated with an increased occur-
rence and severity of complications, including the occurrence of pancreatic fistula 
[150].

A BUN level of more than 40 mg/dL is also an independent preoperative pre-
dictor of higher 30-day mortality after esophagectomy [14]. Preoperative BUN/
creatinine ratio in primary gastrointestinal cancer patients requiring surgery would 
be useful to predict the mortality caused by postoperative enteric fistulas [101], 
and a high BUN level independently predicts worse overall survival in patients 
with malignant bowel obstruction in the setting of Stage IV non-curative cancer 
[208]. After colectomy for colon cancer, preoperative BUN is one of the predic-
tive risk factors for 30-day mortality and complications such as pneumonia and 
systemic sepsis [105].

Nervous System

Urea also plays multiple clinical roles in neuropsychiatry. It has been firmly 
proved that acute ischemic stroke patients have a bad outcome with renal dys-
function [30, 52, 100, 109, 140, 180, 188, 212]. Just based on the above, studies 
displayed that the BUN/creatinine ratio may be a novel predictor of early dete-
rioration of stroke [102] and elevated BUN is an independent predictor associated 
with poor clinical outcome and mortality in acute ischemic stroke patients after 
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treatment with i.v. tPA [220]. Even though elevated BUN has been precluded as a 
predictor of pre-eclampsia during pregnancy [112], the decreased fractional excre-
tion of urea (≤35 %) in pre-eclampsia is relevant. Soon after delivery, the frac-
tional excretion of urea would return toward the normal range (50–65 %) [218]. 
What is more, BUN is considered as one of the biochemical indicators of delirium 
happening in the emergency department and intermediate care units [114, 24].

Others

Low BUN in routine pretherapeutic laboratory testing is significantly correlated 
with a higher T stage in patients with head and neck cancer and also correlates 
with the appearance of neck metastasis [135]. BUN, one of the elements in day +7 
score, identifies risk of transplant-related mortality after hematopoietic stem cell 
transplantation in the first seven days [13, 173]. By measuring the concentration of 
urea in diluted lavage synovial fluid, we can estimate intra-articular synovial fluid 
volume in normal joints and joints with chronic arthritides [94].

In the past, dietary history was depended heavily on an individual’s memory 
and level of motivation, nevertheless based on a randomized double-blind crosso-
ver feeding trial, urinary urea holds promise as a quantifiable bioindex of dietary 
protein intake with a formula: protein intake (g/day) = 63.844 + 1.11 × (urinary 
urea, g/creatinine, g) [19]. Higher BUN in premature newborns may be associ-
ated with the chance of metabolic diseases in later stages of life, such as diabe-
tes, hypertension, and metabolic syndrome [119]. Vaginal fluid urea is a helpful 
marker in diagnosing premature rupture of membranes because fetal urine is the 
most important source of amniotic fluid, which helps us avoid unwanted obstetric 
complications such as chorioamnionitis and preterm birth [90].

Using a logistic model, a retrospective study displayed that the only variable 
that was independently associated with mortality in Clostridium difficile infec-
tion was renal failure by observing fourfold higher BUN levels in the non-survivor 
group [131]. A 13-year-old boy who was eventually diagnosed with blastomy-
cosis after orthopedic surgery had an elevated BUN as his first sign [103]. BUN 
≥10 mmol/L is a risk factor for bacterial coinfection in dengue patients [165]. 
BUN is significantly associated with a low concentration of efavirenz, which 
is widely prescribed for people infected with HIV, in blood [178]. It can hence 
improve the prediction of efavirenz plasma concentration and optimize its dosing 
in antiretroviral therapy. In patients with Fournier’s gangrene, BUN is significantly 
different between survivors and non-survivors and it is the only parameter that 
deceases to normal at the end of the treatment in the survivor group [189].

Urea-containing cream is prescribed for dermatitis, xerosis, ichthyosis, psori-
asis, onychomycosis, eczema, tinea pedis, etc., as a topical antifungal emollient 
and moisturizer [1, 49, 138, 167, 181]. Urea clearance can be used as a relatively 
simple method to estimate drug-induced blood flow changes in human skin during 
microdialysis of vasoactive substances [54].
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Patients who underwent emergency laparotomy have high 12-month mortality 
if preoperative BUN >7.5 mmol/L, suggesting that this is an independent predic-
tor [11]. Elevated BUN is a valuable predictor for increased long-term mortality 
in various critically ill patients regardless of their precise disease [18, 77]. The 
significance of urea/albumin ratio in predicting the stay and mortality of critical 
patients was found, based on a retrospective study of patients admitted to ICU 
with non-chronic kidney disease [65]. These results are accordant with finding 
that BUN is linked to mortality in a number of diseases. A simple 5-point scoring 
system, NaURSE (Na+, Urea, Respiratory Rate and Shock Index in the Elderly), 
was created to predict in-hospital mortality in acutely ill older patients. The crude 
mortality rates were 9.5, 19.9, 34.4, 66.7, and 100 % for scores 0, 1, 2, 3, and 4, 
respectively [203].
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Abstract Mathematical modeling techniques have been useful in providing insights 
into biological systems, including the kidney. This article considers some of the 
mathematical models that concern urea transport in the kidney. Modeling simulations 
have been conducted to investigate, in the context of urea cycling and urine concen-
tration, the effects of hypothetical active urea secretion into pars recta. Simulation 
results suggest that active urea secretion induces a “urea-selective” improvement in 
urine concentrating ability. Mathematical models have also been built to study the 
implications of the highly structured organization of tubules and vessels in the renal 
medulla on urea sequestration and cycling. The goal of this article is to show how 
physiological problems can be formulated and studied mathematically, and how such 
models may provide insights into renal functions.

Keywords Mathematical modeling · Urea · Urea transportation · Urine concentrating 
mechanism

Introduction

There has been a long history of interaction between mathematics and physiology. 
In renal physiology, mathematical modeling techniques have been used to attain a 
better understanding of renal hemodynamics [1–25], renal oxygenation [26–33], 
epithelial transport [34–49], and urine concentrating mechanism [50–67]. Given 
the essential role that urea plays in the urine concentration process, mathematical 
models of the urine concentrating mechanism requires the representation of urea 
transport in the renal medulla, a subject that is the focus of this chapter.
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Modeling Water and Urea Conservation

The first step in constructing a model for urea transport is to represent water and 
urea flows along a renal tubule. To that end, we will derive equations that model 
tubular flow and transmural fluxes along a renal tubule.

We will derive model equations that describe the conservation of water and urea 
along a renal tubule, which extends from x = 0 to x = L, as shown in Fig. 3.1. First, 
we will consider water transport along the tubule. For simplicity, we assume that the 
tubule is rigid. Technically speaking, tubular walls are comprised of cells that are, to 
some extent, flexible. However, the structures surrounding the tubules in vivo likely 
reduce that degree of compliance, which makes the rigid-wall assumption reason-
able. (One instance in which this rigid-tubule assumption is violated is the papil-
lary collecting duct undergoing peristaltic contractions, where the collecting duct is 
collapsed for up to 95 % of the time [68].) In most cases, it is also reasonable to 
describe the flow in the tubules as plug flow (i.e., flow with no radial component and 
constant velocity across any cross section). With this assumption, the problem can 
be formulated using only one spatial dimension (x).

Water Conservation

To derive a differential equation that describes water conservation along the 
tubule, consider the tubular segment in Fig. 3.1. Assume a tubule radius of r. 
Because water is effectively incompressible, the change in water flow rate must 
equal the sum of the water flux out of (or into) the tubule through its walls 
between x = 0 and x = L. Following this reasoning, we can relate the outflow to 
the inflow and total water flux by

where FV (x) denotes the volume flow rate along the tubule, typically with units of 
nl/min for renal tubules, and JV (x) denotes water flux through the tubular walls, 
taken positive into the tubule. We use the notation that JV is computed at a point 

(3.1)FV (L) = FV (0)+ 2πr

L
∫

0

JV (x)dx,

Fig. 3.1  Schematic drawing 
for model renal tubule, 
illustrating water flow (FV), 
water flux (JV), and solute 
flux (JS)

VJ JS

x = L

FV(x)

(x) (x)

C(x)

x = 0
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along the circumference of the tubule, which necessitates the multiplication by the 
factor 2πr. Equation (3.1) can be rewritten as a differential equation

Water can be driven through a cell membrane by hydrostatic pressure, oncotic 
pressure, or osmotic pressure. To derive the equation that describes water flux 
across a renal tubule, we make another simplifying assumption, which is that water 
transport across tubular walls can be represented as single-barrier transport. We 
make the same assumption in our description of solute fluxes below as well. Given 
this assumption, water flux into a renal tubule in Fig. 3.1 can be described by

where Lp is the water permeability of the tubule, σk is the osmotic coefficient of 
solute, k,Ck is the luminal concentration of that solute, and Ce

k(x) is the interstitial 
(i.e., external) solute concentration of that solute. Oncotic and hydrostatic pres-
sures are assumed negligible.

Urea Conservation

Next, we will derive a differential equation to describe the conservation of urea along 
the tubule. The flow rate of urea at position x is given by the product of its concentra-
tion C(x) and the flow rate of water FV (x), i.e., FV (x)C(x). Let the amount of urea 
transported inward through the tubule walls at x (given per unit area per unit time) be 
denoted by JS(x). Then, following an approach similar to what we used to derive the 
water conservation Eq. (3.2), we describe urea conservation along the renal tubule by

It is noteworthy that the urea conservation Eq. (3.4) is general and can be applied 
to all types of renal tubules and indeed applies to other solutes such as NaCl or 
protein. The water conservation Eq. (3.2) also applies to many biological tubules, 
renal, or otherwise. Of course, tubules in the kidney differ widely in their transport 
properties, and those differences are reflected in the flux terms JV and JS.

Modeling Urea Fluxes

Transepithelial urea transport can proceed via transcellular and/or paracellular 
pathways. Solutes moving across the paracellular route must traverse through tight 
junctions. Transcellular transport can be passive or active. Passive transport by 
definition does not require energy, as opposed to active transport.

(3.2)
∂

∂x
FV (x) = 2πrJV (x).

(3.3)JV (x) = LpRT
∑

k

σk
(

Ck(x)− Ce
k(x)

)

,

(3.4)
∂

∂x
(FV (x)C(x)) = 2πrJS(x).
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Modeling Passive Fluxes

We will first describe how to represent passive urea fluxes, which include paracel-
lular fluxes and passive transcellular fluxes. In passive transport, the flux goes in the 
direction that reduces the Gibbs free energy of the system. In open systems at con-
stant temperature and pressure, the change in the Gibbs free energy is proportional 
to the change in the electrochemical potentials of the system components. Because 
urea is uncharged, its flux is described by the Kedem–Katchalsky equation [69] 

where the first term represents the contribution from advection, s denotes the 
reflective coefficient of urea, and C̄ is an average membrane concentration, which 
in dilute solution is given by

The second term in Eq. (3.5) arises from diffusion, characterized by P, which 
denotes the permeability of the membrane to urea.

Modeling Active Fluxes

Some nephron segments contain transporters that can reabsorb or secret solutes 
against a transmembrane electrochemical gradient. The best-known example 
is perhaps the Na+/K+-ATPase, which is an antiporter enzyme that can pump 
sodium out of and potassium into the cells. Na+/K+-ATPase is responsible for the 
active reabsorption of NaCl along the thick ascending limb segments.

The active reabsorption of a solute can be modeled by the Michaelis–Menten 
kinetics, which is a simple biochemical model of enzyme kinetics. Given the lumi-
nal concentration C, the active solute flux is

Here, Vmax represents the maximum rate achieved by the system, at maximum 
(saturating) substrate concentrations. The Michaelis constant Km is the substrate 
concentration at which the reaction rate is half of Vmax.

While several nephron segments are known to actively reabsorb salt, no significant 
active urea reabsorption has been reported. Nonetheless, Bankir and colleagues [70] 
recently reviewed a number of observations, in different species including humans, 
that suggest the existence of active urea secretion that probably takes place in the S3 
segment of the straight proximal tubule in the deep cortex and the outer stripe of the 
outer medulla. Those authors have suggested that, by extracting urea from the med-
ullary vasculature, active secretion delivers urea in the nephron lumen in addition to 
the previously filtered urea that is delivered to the inner medulla through the termi-
nal collecting duct and recycled by countercurrent exchange. This active secretion 

(3.5)JS = JV (1− σ)C̄ + P�C,

(3.6)C̄ =
�C

� lnC
.

(3.7)JS = −
VmaxC

Km + C
.
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may account for the difference between the urea flow remaining in the late superficial 
proximal convoluted tubule and the urea flow observed in the early distal tubule, as 
well as for fractional excretion of urea exceeding 50 % [70]. A schematic representa-
tion of the urea cycle with active urea secretion into the pars recta is shown in Fig. 3.2.

Fig. 3.2  Schematic representation of the fate of urea secreted in the pars recta. A short-looped and 
a long-looped nephron are represented, as well as two descending and ascending vasa recta (DVR 
and AVR, respectively). Not shown here: the DVRs in the outer stripe (OS) are main branches of the 
efferent arterioles of the deep glomeruli and have only limited surface area for contact with the AVR. 
In contrast, in the inner stripe (IS), DVRs and AVRs are closely packed in vascular bundles, a configu-
ration that increases contact area and favors countercurrent exchanges. DVRs bring into the medulla 
plasma that has not been filtered and that contains urea (a). Note that DVRs express UT-B and AVRs 
are fenestrated. This allows very rapid and efficient exchanges between both structures. In rodents, the 
short descending limbs (SDL) in the IS are close to the vascular bundles (rat) or are even incorporated 
among the AVRs and DVRs, forming so-called complex vascular bundles. IM segments of long loops 
are assumed to have high urea permeabilities, consistent with preliminary data in rat (Pannabecker 
and Dantzler, personal communication). The present model assumes that urea is actively secreted in 
the pars recta of both short-looped (c) and long-looped (d) nephrons. Some of this urea can be added 
to the urea that cycles in the renal medulla, brought to the interstitium via the terminal IMCD (b). 
This improves the ability to accumulate urea in the deep IM and to selectively concentrate urea in the 
urine. Abbreviations: LDL/LAL, long descending/ascending limb; SAL, short ascending limb; CD, 
collecting duct; IM, inner medulla; and Int. interstitium. Reprinted from Ref. [55]
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To represent urea secretion, transmural urea flux is computed based on intersti-
tial concentration Ce rather than luminal concentration C:

Layton and Bankir [55] used a mathematical model of the renal medulla of the 
rat kidney to investigate the impact of active urea secretion in the intrarenal handling 
of urea and in the urine concentrating ability. They compared urea flow rates and 
other related model variables without and with the hypothetical active urea secretion 
in the pars recta. Key simulation results are summarized in Table 3.1. The two mod-
els (with and without active urea secretion) predicted similarly concentrated urines 
(1,077 vs. 1,195 mosm/(kg·H2O)). The major difference is found in urea excretion, 
where the model with active urea secretion did so at a rate that is 52.3 % higher. That 
result is particularly noteworthy in that the higher urea excretion rate was achieved 
with only minimal increase in urine flow (1.1 % increase). These simulations sug-
gest that active urea secretion induces a “urea-selective” improvement in urine con-
centrating ability by enhancing the efficiency of urea excretion without requiring a 
higher urine flow rate and with only modest changes in the excretion of other solutes.

Modeling Urea Sequestration

Anatomic studies have revealed a highly structured organization of tubules and vasa 
recta in the outer medulla of some mammalian kidneys [71, 72], with tubules and 
vessels organized concentrically around vascular bundles, tightly packed clusters 
of parallel vessels and tubules containing mostly vasa recta. Recent studies of three-
dimensional architecture of rat inner medulla and expression of membrane proteins 

(8)JS =
VmaxCe

Km + Ce

.

Table 3.1  A comparison of model predictions with and without active urea secretion

Differences in model predictions are given as percentage of values computed without active urea 
secretion

Urine Without urea 
secretion

With urea 
secretion

Difference 
(%)

Urine composition

Osmolality (mosm/(kg · H2O)) 1,077 1,195 +11.0

Uurea (mM) 388 591 +52.3

UNa (mM) 298 251 −15.8

UNR (mM) 82.3 87.2 −6.0

Excretion rates

Flow rate (nl/(min · nephron)) 0.0854 0.0863 +1.1

Osmole (pmol/(min · nephron)) 92 103 +12.0

Urea (pmol/(min · nephron)) 33 51 +54.5

Na+ (pmol/(min · nephron)) 25 22 −11.9

NR (pmol/(min · nephron)) 7.03 7.53 +7.11
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associated with fluid and solute transport in nephrons and vasculature have revealed 
transport and structural properties that likely impact the inner medullary urine concen-
trating mechanism in the rat kidney. These studies have shown that the inner medulla 
portion of the descending limbs has at least two or three functionally distinct subseg-
ments and that clusters of collecting ducts form the organizing motif through the first 
3–3.5 mm of the inner medulla [73–75]. The structural organization is believed to 
result in preferential interactions among tubules and vasa recta, interactions that may 
contribute to more efficient countercurrent exchange or multiplication, to urea cycling 
and urea accumulation in the inner medulla, and to sequestration of urea or NaCl in 
particular tubular or vascular segments [63, 65, 71, 72, 76–79]. (We will say that a sol-
ute is “sequestered” when its fractional contribution to local fluid osmolality substan-
tially exceeds its fractional contribution to blood plasma osmolality.)

Several investigators have sought to represent aspects of three-dimensional 
medullary structure in mathematical models of the urine concentrating mecha-
nism (e.g., Ref. [80, 81]). Notably, Wexler, Kalaba, and Marsh [63, 82] developed 
a model (the “WKM” model) that represented a very substantial degree of struc-
tural organization by means of weighted connections between tubules and vessels. 
Although the WKM model was formulated primarily to investigate the concentrat-
ing mechanism of the inner medulla, outer medullary function played a large role 
in both the original [63] and subsequent WKM studies [65, 83].

More recently, Layton and co-workers developed highly detailed mathematical mod-
els for the rat kidney’s concentrating mechanism. Their models represent radial organi-
zation with respect to a vascular bundle in the outer medulla, or a collecting duct cluster 
in the inner medulla, by means of “interconnected regions” (see Fig. 3.3), with radial 
structure incorporated by assigning appropriate tubules and vasa recta to each region. 
The portion of each interconnected region that is exterior to both tubules and vasa recta 
represents merged capillaries, interstitial cells, and interstitial space. At a given medul-
lary level, each interconnected region is assumed to be a well-mixed compartment with 
which tubules and vasa recta interact. To specify the relative positions or distributions of 
the tubules and vasa recta and to simulate the potential preferential interactions among 
them, each tubule or vas rectum is assigned to a particular concentric region, or, in some 
cases, fractions of a tubule or vas rectum are distributed to two interconnected regions. 
Tubules and vasa recta that are in contact with different interconnected regions are 
influenced by differing interstitial environments. However, tubules or vasa recta that do 
not contact the same region may still interact via interstitial diffusion of solutes around 
tubules and vasa recta; these diffusive fluxes are simulated by assigning nonzero solute 
permeabilities to the boundaries that separate adjacent regions.

To specify the relative positions of the tubules and vessels, each tubule or ves-
sel i is assigned a series of parameter κi,R, for R = R1, R2, . . . , R7, where κi,R is 
the fraction of the tubule in contact with region R. Thus, these parameters must 
satisfy the condition 

∑

R κi,R = 1. For example, according to the configuration 
shown in Fig. 3.3, in the inner stripe, the position of the collecting duct is speci-
fied by κCD,R4 = 1 and κCD,R = 0 for R �= R4; the position of the short ascend-
ing limb, which straddles the two interbundle regions R3 and R4, is specified by 
κSAL,R3 = 0.25 and κSAL,R4 = 0.75, and κSAL,R = 0 for R �= R3 or R4.
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To compute urea fluxes, the model takes into account the position of the tubule or 
vessel. Passive urea flux is given by a weighed average of the fluxes with each region:

(3.9)JS =

∑

R

κR(JV ,R(1− σ)C̄R + P(CR − C)),
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Fig. 3.3  Schematic diagram of a cross section through the outer stripe, inner stripe, upper inner 
medulla (IM), mid-IM, and deep IM, showing regions and relative positions of tubules and ves-
sels. Decimal numbers in panel A indicate relative interaction weightings with regions. R1, R2, 
R3, and R4, regions in the outer medulla; R5, R6, and R7, regions in the IM. SDL, descending 
limbs of short loops of Henle. SAL, ascending limbs of long loops of Henle. LDL, descend-
ing limb of long loop of Henle. LAL, ascending limb of long loop of Henle. Subscripts “S,” 
“M,” and “L” associated with a LDL or LAL denote limbs that turn with the first mm of the 
IM (S), within the mid-IM (M), or reach into the deep IM (L). CD, collecting duct. SDV, short 
descending vasa recta. SAV3 and SAV4, two populations of short ascending vasa recta. LDV, 
long descending vas rectum. LAV1, LAV2, . . . , LAV7, populations of long ascending vasa recta. 
Reprinted from Ref. [59]
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where JV,R denotes the water fluxes between the tubule or vessel and region R, and 
CR denotes interstitial fluid urea concentration in region R. The average membrane 
concentration C̄R is taken between the luminal concentration and the interstitial 
concentration of region R, i.e.,

This “region-based” approach was used to first develop a model of the rat outer 
medulla [56, 57, 84] and then used in a series of models of the rat renal medulla 
[58–60]. These models predicted moderately concentrated urine at flow rates con-
sistent with experimental measurements, but were unable to predict highly con-
centrated urine. Urea cycling is predicted within the vascular bundles in the inner 
stripe between the descending and ascending vasa recta that reach into the inner 
medulla, but inter-region urea concentration exhibits only a small radial gradient 
in the inner medulla; see Fig. 3.4.

Conclusions

Mathematical modeling is a useful tool for understanding the underlying mechanisms 
of an observed physiological phenomenon, or for investigating “what-if” scenarios. 
In particular, modeling studies have suggested that the three-dimensional architec-
ture of the renal medulla leads to preferential interactions among tubules and vessels, 
which in turn give rise to sequestration of urea. By incorporating a hypothetical active 
urea secretion process into a mathematical model of the urine concentrating mecha-
nism, we obtained simulation results that suggest that active urea secretion in the pars 
recta of the proximal tubule may allow more efficient excretion of urea with negligi-
ble impact on the amount of water required for that excretion. While further progress 
may be contingent upon new experimental data, especially on the transport properties 
of the tubules, some of which remain poorly characterized, we nonetheless hope these 
“in silico” results will stimulate further experimental research.

(3.10)C̄R =
CR − C

lnCR − lnC
.

Fig. 3.4  Interstitial fluid 
urea concentration profiles 
in the different regions, 
predicted by the region-based 
model in Ref. [60]
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Abstract A urea transporter protein in the kidney was first proposed in 1987. The 
first urea transporter cDNA was cloned in 1993. The SLC14a urea transporter fam-
ily contains two major subgroups: SLC14a1, the UT-B urea transporter originally 
isolated from erythrocytes; and SLC14a2, the UT-A group originally isolated from 
kidney inner medulla. Slc14a1, the human UT-B gene, arises from a single locus 
located on chromosome 18q12.1-q21.1, which is located close to Slc14a2. Slc14a1 
includes 11 exons, with the coding region extending from exon 4 to exon 11, and 
is approximately 30 kb in length. The Slc14a2 gene is a very large gene with 
24 exons, is approximately 300 kb in length, and encodes 6 different isoforms. 
Slc14a2 contains two promoter elements: promoter I is located in the typical posi-
tion, upstream of exon 1, and drives the transcription of UT-A1, UT-A1b, 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. UT-A1 and UT-A3 are located in the inner 
medullary collecting duct, UT-A2 in the thin descending limb and liver, UT-A5 in 
testis, UT-A6 in colon, UT-B1 primarily in descending vasa recta and erythrocytes, 
and UT-B2 in rumen.
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Cloning and Gene Structures of Urea Transporters

The Slc14a1 (UT-B) Gene

The Slc14a1 (UT-B) gene was initially cloned from a human erythropoietic cell 
line [87] and subsequently cloned from rat and mouse [19, 104, 127, 142]. Slc14a1, 
the human UT-B gene, arises from a single locus located on chromosome 18q12.1-
q21.1 (Fig. 4.1), which is located close to Slc14a2, the human UT-A gene [63, 84, 
85, 117]. The analogous mouse genes, UT-B (Slc14a1) and UT-A (Slc14a2), also 
occur in tandem on mouse chromosome 18 [25]. Interestingly, the Kidd (Jk) blood 
group antigen, one of the minor blood group antigens, is located in the same region 
of human chromosome 18 as are the two urea transporter genes [63]. In humans, the 
Kidd antigen is the UT-B protein [7, 16, 63, 67, 81, 84, 85]. Several mutations in the 
human UT-B/Kidd antigen (Slc14a1) gene have been reported [42, 43, 63, 64, 86, 
109, 134]. Red blood cells from humans lacking the Kidd antigen (Jk(a-b-) or Jk 
null) do not exhibit phloretin-sensitive facilitated urea transport, in contrast to red 
blood cells from humans expressing a Kidd antigen [32].

The human UT-B gene, Slc14a1, includes 11 exons, with the coding region 
extending from exon 4 to exon 11, and is approximately 30 kb in length [63]. There 
are two mRNA transcripts, 4.4 and 2.0 kb, which result from alternative polyade-
nylation signals; both are expressed in reticulocytes and encode a single 45-kDa 
protein [63]. Two rat cDNA sequences were originally reported for UT-B1 that dif-
fered by only a few nucleotides at their 3’ end [19, 127]. It is unknown whether these 
small differences may represent polymorphisms or sequencing artifacts.

The Slc14a2 (UT-A) Gene

The Slc14a2 (UT-A) gene was initially cloned from rat [78] and subsequently 
cloned from human and mouse [5, 24]. UT-A is encoded by a different gene 
than UT-B (reviewed in [4]). However, UT-A and UT-B contain tandem repeat 
sequences that may represent a urea transporter signature sequence [100].

Fig. 4.1  Schematic representation of Slc14a1 and Slc14a2, the human UT-B and UT-A gene, 
respectively, and resulting the different isoforms of UT-A and UT-B urea transporters. The differ-
ent boxes represent regions of hydrophobic amino acids. The black lines show coding sequences 
which are common, while the red lines show coding sequences that are unique to that particular 
isoform (i.e., derived from novel exons)
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The rat UT-A gene is a very large gene (Fig. 4.2) with 24 exons and is approxi-
mately 300 kb in length [78, 112]. 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 tran-
scription start site in exon 1 and translation start site in exon 4 for UT-A1, UT-A2, 
and UT-A4. In contrast, UT-A2 is encoded by exons 13–23 with a unique transla-
tion 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, respectively, but their cDNA transcripts dif-
fer due to use of exon 24 in the 3’ untranslated region [6]. 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 [6]. UT-A1b, UT-A2b, and UT-A3b 
mRNAs are expressed in rat inner medulla [6].

The rat Slc14a2 (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-A1b, 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. UT-A1 and UT-A3 
are located in the inner medullary collecting duct, UT-A2 in the thin descending 
limb and liver, UT-A5 in testis, UT-A6 in colon, UT-B1 primarily in descend-
ing vasa recta and erythrocytes, and UT-B2 in rumen [6, 78]. When the 1.3 kb of 
UT-A promoter I that is located immediately 5’ to exon 1 is cloned into a lucif-
erase reporter gene construct and transfected into mIMCD3, MDCK, or LLC-
PK1 cells, it shows evidence of promoter activity [79, 92]. This 1.3-kb promoter 
sequence does not contain a TATA motif but does contain three CCAAT elements 
[79]. UT-A promoter I activity is significantly increased by hyperosmolality, and 
it contains a tonicity enhancer (TonE) element [79]. 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 [92]. The repressive effect of dexamethasone on UT-A 

Fig. 4.2  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 represented by //and are not scaled. Triangles denote the α (green) and β (red) promoters. 
Coding exons (dark blue) and untranslated exons (light blue) are drawn to scale. Figure is repro-
duced with permission of the American Physiological Society from Klein et al. [51]
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promoter I activity does not occur via the consensus glucocorticoid response ele-
ment (GRE) that is present in UT-A promoter I [92].

UT-A2 is under the control of a unique internal promoter, UT-A promoter II, 
which is located within intron 12 [6, 78]. The transcription start site for UT-A2 
is located in exon 13, which is almost 200 kb downstream from exon 1 [6, 78]. 
Within intron 12, there is a TATA box 40 bp upstream of the UT-A2 transcrip-
tion start site and a cAMP response element (CRE) 300 bp upstream of the UT-A2 
transcription start site [6, 78]. 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 pro-
moter activity is detected under basal conditions [6, 78].

The human UT-A gene is located on chromosome 18 and is approximately 
67.5 kb in length (Fig. 4.2). 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 [5, 78]. However, 
human UT-A does contain an extra exon, exon 5a, which has not been reported in rat 
[114]. Exon 5a was subsequently renumbered as exon 6, with a renumbering of all 
the downstream exons [112]. 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 [112]. UT-A6 is encoded by 
human exons 1–11 (original nomenclature is exons 1–10 but including exon 5a) and 
is expressed in colon [114]. Single nucleotide polymorphisms in human SLC14A2 are 
predictive of the antihypertensive efficacy of nifedipine, an L-type voltage-gated cal-
cium channel blocker [35]. These polymorphisms are detected in human UT-A2 and 
are associated with variation in blood pressure in men but not in women [97].

The structure of the mouse UT-A gene is very similar to the rat UT-A gene 
(Fig. 4.2), with the exception that a mouse UT-A4 isoform has not been detected 
[24]. The mouse UT-A gene contains 24 exons, is >300 kb in length, and has two 
promoter elements, which are named α and β [24, 112]. UT-A promoter α, which 
corresponds to promoter I in rat, contains a TonE element, and its promoter activ-
ity is increased by hypertonicity [24]. In contrast to rat, the activity of mouse 
UT-A promoter I (α) is increased by cAMP, even though no consensus CRE ele-
ment is present in promoter I (α) from either species [24, 78]. The mouse gene 
also gives rise to a testis-specific isoform, UT-A5, which is encoded by exons 
6–13 [24, 26, 112]. While all mouse UT-A isoforms originate from a single mouse 
gene, the transcription start site of UT-A5 has not been determined and may be 
located downstream from mouse UT-A1 and UT-A3 [24]. Thus, whether UT-A5 
is driven by promoter α or by a novel promoter element is not known, nor is it 
known whether UT-A5 is expressed in humans or rat (Table 4.1).

UT-A promoter α 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 β-galactosidase reporter gene [27]. This transgene drives IMCD-specific 
expression of β-galactosidase in the terminal IMCD [27]. The regulation of 
β-galactosidase transgene by water restriction and glucocorticoids is similar to the 
regulation of the endogenous UT-A promoter I (α) [24, 27, 79, 92].
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Non-Mammalian Urea Transporters

In addition to the two mammalian urea transporters discussed above, there are sev-
eral non-mammalian urea transporters that have been cloned (Table 4.2). Based 
upon a bioinformatic analysis, it appears that vertebrates acquired urea transporter 
genetic information from bacteria [74]. This analysis suggests that all current verte-
brate orthologues and paralogues arose from this one primordial system, followed by 
two gene duplication events during development of the vertebrate lineage [74]. The 
cloned non-mammalian urea transporters are most homologous to UT-A2.

The non-mammalian urea transporters permit urea to be transported specifi-
cally, which is important to the ability of marine life to cope with their shifting 
environment [2, 70,129, 135, 139]. For example, urea transporters help elasmo-
branch fish retain urea in their gills and kidneys against a large external environ-
mental gradient. Urea transporters contribute to urea removal or excretion rather 
than retention in teleost fish. A unique urea transporter, UT-C, has been cloned 
from the Japanese eel, Anguilla japonica [75]. Zebrafish also express a urea trans-
porter, and this transporter is responsible for 90 % of urea excretion [14, 15].

Table 4.2  Non-mammalian urea transporters

Species Common name References

Alcolapia grahami Lake Magadi tilapia Walsh et al. [132]

Anguilla japonica Japanese eel Mistry et al. [75]

Balaenoptera acutorostrata Whale Birukawa et al. [10]

Bufo marinus Toad Konno et al. [55], Konno et al. [56]

Callorhinchus milii Holocephalan elephant 
fish

Kakumura et al. [45]

Danio rerio Zebrafish Braun et al. [14]

Dasyatis sabina Atlantic stingray Walsh et al. [133], McDonald et al. [70]

Oncorhynchus mykiss Rainbow trout Pilley and Wright [93], Hung et al. [37]

Opsanus beta Gulf toadfish Rodela et al. [99], [71], McDonald et al. 
[73], Wood et al. [138], Laurent et al. 
[58], Wood et al. [137]

Physeter macrocephalus Whale Birukawa et al. [10]

Porichthys notatus Plainfin midshipman McDonald et al. [72]

Protopterus annectens African lungfish Hung et al. [38]

Protopterus dolloi Slender lungfish Wood et al. [136]

Raja erinacea Skate Morgan et al. [76, 77]

Squalus acanthias Dogfish shark [29]

Trachemys scripta elegans Red-eared slider turtle Uchiyama et al. [128]

Triakis scyllia Dogfish Hyodo et al. [39]

Triakis scyllium Houndshark Yamaguchi et al. [141]
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Isoforms of Urea Transporters

UT-B1

UT-B1 mRNA is widely expressed and has been detected in many tissues 
(Fig. 4.3), including kidney, brain, liver, colon, small intestine, pancreas, testis, 
prostate, bone marrow, spleen, thymus, heart, skeletal muscle, lung, bladder, and 
cochlea [9, 18–20, 33, 36, 40, 41, 57, 62, 64, 84, 87, 95, 96, 124, 125, 127, 142]. 
Several polyclonal antibodies have been made to either the N- or C-terminus of 
human UT-B1 [36, 124, 140]. These antibodies also detect UT-B1 in rodents [36, 
124, 140]. 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 [124, 142]. UT-B1 protein is detected in kidney medulla as a broad band 
between 41 and 54 kDa [124]. In both red blood cells and kidney medulla, degly-
cosylation converts the broad band detected on Western blot to a sharp band of 
32 kDa [124]. In addition, a 98-kDa band is detected in kidney, but this band is 
non-specific since it is still present in kidney lysates from UT-B knock-out mice 
[53, 124].

Human, mouse, and rat kidney show UT-B1 immunostaining (Fig. 4.4) in the 
non-fenestrated endothelial cells that are characteristic of descending vasa recta 
[36, 88, 124, 126, 140, 142], most notably in the descending vasa recta that are 
external to collecting duct clusters [90]. UT-B1 protein is also present in rat liver, 
colon, testis, brain, heart, lung, aorta, cochlea, spinotrapezius muscle, and mesen-
teric artery [18, 20, 23, 36, 40, 57, 62, 124, 125, 131]. UT-B1 has been identi-
fied in rat urothelia, which was previously thought to be impermeable to urea and 
water [115]. Immunohistochemistry of ureter and bladder shows UT-B1 localized 

Fig. 4.3  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
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to the epithelial cell membrane [116]. UT-B1 protein is also expressed in several 
cultured endothelial cell lines, where it promotes urea entry, which in turn, inhibits 
L-arginine transport [124, 131].

UT-B1 transports urea when it is expressed in Xenopus oocytes, and urea trans-
port is inhibited by phloretin, thiourea, and pCMBS [69]. UT-B1 also transports 
several chemical analogs of urea, including methylurea, formamide, acetamide, 
acrylamide, methylformamide, and ammonium carbamate [147]. Two stud-
ies show that rat and mouse UT-B1 can function as a water channel, in addition 
to its role as a urea transporter, when expressed in Xenopus oocytes [142, 143]. 
However, questions have been raised regarding the physiological significance of 
water transport through UT-B1 since a third study showed that rat UT-B1 specifi-
cally transports urea when a physiological expression level is achieved in oocytes, 
but only higher levels of UT-B1 expression result in increases in urea and water 
permeability [110]. Several small molecule inhibitors of UT-B1 have been identi-
fied that have a good UT-B1 versus UT-A selectivity and that do not inhibit water 
transport through AQP1 [59]. UT-B1 acts as an active water transporter in C6 glial 
cells [83].

Mice lacking UT-B1 have a urine concentrating defect that is similar in mag-
nitude to humans lacking Kidd antigen [8, 103]. This is consistent with the 
decreased concentrating ability observed in animal models where UT-B1 protein 
abundance is decreased, such as water loading [61], potassium deprivation [44], 
ureteral obstruction [60], and severe inflammation [105]. The reader is referred 
to Chap. 10 for a detailed discussion of the extrarenal phenotype of UT-B knock-
out mice.

Fig. 4.4  UT-A1 and UT-A3 proteins are expressed in the inner medullary collecting duct, 
UT-A2 in the thin descending limb, UT-A5 in testis, UT-A6 in colon, and UT-B1 in descending 
vasa recta (and erythrocytes, not shown)

http://dx.doi.org/10.1007/978-94-017-9343-8_10
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UT-B2

UT-B2 mRNA is expressed in the rumen of sheep and cow [1, 49, 65, 98, 111, 
119, 123] but has not been detected in other tissues. Vasopressin does not alter 
UT-B2 abundance [123]. UT-B2 levels in their gastric system are responsive to 
shifting pH environments and ruminal ammonia concentrations, and are highly 
dependent on the type of food consumed [1, 49, 65, 68, 111, 119]. The response of 
UT-B2 abundance in ruminants to the level of nitrogen in their food is consistent 
with the response of UT-B1 abundance in rodents to variation in the urea load or 
the urea content of the urine [41, 47].

UT-A1

UT-A1 protein expression (Fig. 4.4) is detected in the apical plasma membrane 
and in the cytoplasm of the IMCD in rat [12, 20, 48, 52, 61, 82] and human 
medulla [5]. It is also expressed in the apical plasma membrane and in the cyto-
plasm of cells that are stably transfected with UT-A1: UT-A1-MDCK cells [17, 
30, 31] and UT-A1-mIMCD3 cells [52]. When expressed in Xenopus oocytes, rat, 
mouse, and human UT-A1 are stimulated by cyclic AMP [5, 28, 96, 106, 107].

Polyclonal antibodies have been raised against three portions of UT-A1: the 
N-terminus [130], the intracellular loop region [121], and the C-terminus [80, 
82]. These antibodies often detect more than one UT-A protein since the vari-
ous UT-A proteins result from alternative splicing of the UT-A gene. However, 
they can be distinguished by the different size bands that are detected on Western 
blot. The N-terminus antibody detects UT-A1 (97 and 117 kDa), UT-A3 (44 and 
67 kDa), and UT-A4 (43 kDa); the loop region antibody detects only UT-A1; and 
the C-terminus antibody detects UT-A1, UT-A2 (55 kDa), and UT-A4 [46, 101, 
121, 122]. In the inner medullary tip region, all anti-UT-A1 antibodies detect pro-
tein bands at 97 and 117 kDa by Western blot [80, 82, 121]. The 97- and 117-kDa 
proteins are glycosylated versions of a non-glycosylated 88-kDa UT-A1 protein 
[13]. In one study, UT-A1 was also detected as a 206-kDa protein complex in 
native inner medullary membranes [13]. UT-A1 protein is most abundant in the 
inner medullary tip, present in the inner medullary base, and not detected in outer 
medulla or cortex [50, 82, 102].

UT-A2

UT-A2 and UT-A1 have the same C-terminal amino acid (and 3’ cDNA) sequence 
but differ at the N-terminal (5’ cDNA) end [5, 24, 107]. Hence, UT-A2 is essen-
tially the C-terminal half of UT-A1. UT-A2 is detected as a 55-kDa protein band 
on Western blot of inner medullary proteins [130]. UT-A2 is also detected in 
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heart and liver as 39- and 55-kDa protein bands [20, 22, 54]. UT-A2 is expressed 
(Fig. 4.4) in the thin descending limb of the loop of Henle [48, 66, 82, 88, 89, 
91, 130, 145]. UT-A2 is only detected in the last 28–44 % of the thin descending 
limb of short-looped nephrons [146]. UT-A2 is highly specific for urea and does not 
transport water, ammonia, methylurea, dimethylurea, formamide, or acetamide when 
expressed in Xenopus oocytes [66]. Both phloretin and thiourea inhibit urea trans-
port through UT-A2, but pCMBS does not, in Xenopus oocytes [69]. For UT-A2, the 
single transporter flux rate is 46,000 urea molecules/second/channel [66].

Cyclic AMP analogs do not stimulate UT-A2 when it is expressed in either 
Xenopus oocytes or human embryonic kidney (HEK) 293 cells [3, 46, 96, 106, 
107, 113, 144]. However, vasopressin does increase urea flux in MDCK cells that 
are stably transfected with mouse UT-A2, mUT-A2-MDCK cells [94]. Urea flux is 
also increased by forskolin and increased intracellular calcium in mUT-A2-MDCK 
cells [94]. However, inhibiting PKA with H-89 has no effect on forskolin-stimu-
lated urea flux in mUT-A2-MDCK cells [94].

UT-A3

UT-A3 and UT-A1 have the same N-terminal amino acid (and 5’ cDNA) sequence 
but differ at the C-terminal (3’-cDNA) end [26, 46, 108]. Hence, UT-A3 is 
essentially the N-terminal half of UT-A1. A polyclonal antibody to the unique 
C-terminus of UT-A3 shows that UT-A3 is expressed (Fig. 4.4) in the IMCD 
[122]. This antibody, as well as the N-terminal antibody to UT-A1, detects pro-
tein bands at 44 and 67 kDa by Western blot of inner medullary tip proteins; both 
bands represent glycosylated versions of a non-glycosylated 40-kDa UT-A3 pro-
tein [11, 122]. UT-A3 protein is most abundant in the inner medullary tip, weakly 
detected in the inner medullary base and outer medulla, and absent in cortex [122].

UT-A3 exhibits a 7.5-fold increase in urea transport but no increase in water 
transport in Xenopus oocytes, indicating that UT-A3 is selective for urea versus 
water [34]. UT-A3 is highly specific for urea and does not transport water, ammo-
nia, methylurea, dimethylurea, formamide, or acetamide, [66]. For UT-A3, the 
single transporter flux rate is 59,000 urea molecules/second/channel, a value that 
is similar to UT-A2 [66]. Cyclic AMP analogs stimulate urea transport by UT-A3 
when it is expressed in Xenopus oocytes (in 3 studies) or HEK 293 cells [28, 46, 
114], but not in a fourth study of oocytes [108]. Vasopressin stimulates urea trans-
port via a PKA-dependent pathway in cells that are stably transfected with mouse 
UT-A3, mUT-A3-MDCK cells [120].

The immunolocalization of UT-A3 within the IMCD has varied in differ-
ent studies. The initial rat studies detected UT-A3 immunostaining in the api-
cal plasma membrane and intracellular cytoplasmic vesicles of terminal IMCDs, 
but no immunostaining was seen in the basolateral plasma membrane [82, 122]. 
Subsequent studies detected UT-A3 staining only in the basolateral plasma mem-
brane in mouse IMCD and in mUT-A3-MDCK cells [118, 120]. More recently, 
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UT-A3 immunostaining was detected only in the basolateral plasma membrane 
in control rat IMCDs, but in both the basolateral and apical plasma membranes 
following vasopressin administration [11]. UT-A3 expression in the basolateral 
plasma membrane provides a mechanism for transepithelial urea transport across 
the IMCD, with UT-A1 in the apical plasma membrane and UT-A3 in the basolat-
eral plasma membrane.

UT-A4

UT-A4 and UT-A1 have the same N- and C-terminal amino acid (and 5’ and 3’ 
cDNA) sequences, but UT-A4 is smaller and essentially consists of the N-terminal 
quarter of UT-A1 spliced into the C-terminal quarter of UT-A1 [46]. UT-A4 
mRNA is detected in rat kidney medulla (although its exact tubular location is 
unknown) and is stimulated by cyclic AMP analogs when expressed in HEK-293 
cells [46]. In contrast to rat, UT-A4 has not been detected in mouse kidney.

UT-A5

UT-A5 is expressed in mouse testis but not in kidney [26]. UT-A5’s deduced 
amino acid sequence begins at methionine 139 of mouse UT-A3, after which it 
shares 100 % homology and a common C-terminus with mouse UT-A3 [26]. The 
effect of cyclic AMP on UT-A5 has not been tested.

UT-A6

UT-A6 is expressed in human colon but not in kidney [114]. The effect of cyclic 
AMP on UT-A6 has not been tested.
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Abstract Members of the urea transporter (UT) family mediate rapid, selective 
transport of urea down its concentration gradient. To date, crystal structures of two 
evolutionarily distant UTs have been solved. These structures reveal a common 
UT fold involving two structurally homologous domains that encircle a continuous 
membrane-spanning pore and indicate that UTs transport urea via a channel-like 
mechanism. Examination of the conserved architecture of the pore, combined with 
crystal structures of ligand-bound proteins, molecular dynamics simulations, and 
functional data on permeation and inhibition by a broad range of urea analogs and 
other small molecules, provides insight into the structural basis of urea permeation 
and selectivity.
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Structural Studies of Urea Transporters

Proteins that mediate the movement of ions and small molecules across the lipid 
bilayer are typically classified into one of two categories based on their mechanism 
of transport: channels or transporters. Channels function by transporting the substrate 
along a continuous, semirigid pore that spans from one side of the bilayer to the other. 
In contrast, transporters have a central binding site for their substrates that is exposed 
alternately to one side of the bilayer or the other by a series of conformational changes. 
These different mechanisms have consequences for the functional properties of the 
transport protein. Channels are able to mediate extremely rapid flux and can discrim-
inate between different substrates based on their size, shape, and other physical and 
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chemical properties, but can only transport substrates along the direction of their elec-
trochemical gradient; transporters typically have slower rates but are able to mediate 
“uphill” transport by coupling their conformational changes to an energetic driving 
force, such as a chemical reaction or the downhill transport of a secondary substrate. 
An indispensible tool for understanding how the functional properties of membrane 
transport proteins arise is an atomistic understanding of their three-dimensional struc-
tures. In this chapter, the structures of two members of the UT family are discussed 
and interpreted in terms of their mechanisms of permeation and selectivity.

Primary Structure and Function of UT

The amino acid sequences of members of the urea transporter (UT) family are char-
acterized by a number of shared features. UTs generally contain 10 predicted trans-
membrane helices or, in the case of the UT-A1 isoform, 20 predicted transmembrane 
helices from two UT domains in tandem. The regions corresponding to the first and 
last five transmembrane helices in each UT domain have significant homology to 
each other, indicating that the protein may have arisen from the duplication of an 
ancestral five-transmembrane helix protein [1]. Another notable feature determined 
from comparison of UT sequences is that each five-transmembrane repeat contains 
a conserved signature motif with the consensus sequence LPXXTXPF, which was 
proposed to play an important role in urea permeation [2]. Functional studies of UTs 
revealed that the proteins mediate transport of urea passively down its concentration 
gradient at estimated single-protein rates in the range of 104–106 molecules per sec-
ond, are selective for urea and a small number of urea analogs, and that their rates of 
transport saturate at high concentrations of urea [3–6]. These properties are consist-
ent with the behavior of a membrane channel.

Determination of UT Structures by X-Ray Crystallography

A high-resolution structure is generally a prerequisite to understanding the mecha-
nistic basis of a protein’s function. Since bacterial proteins are typically more stable 
and easier to crystallize, initial efforts to obtain a UT structure by X-ray crystallog-
raphy focused on bacterial homologs. Bacteria can utilize urea for two purposes: as 
a source of nitrogen for building amino acids and nucleotides and, in the case of 
enteric bacteria, to produce ammonia as a buffer against the highly acidic environ-
ment of the gastrointestinal system [7, 8]. In 2002, Sebbane and colleagues cloned 
and sequenced a UT from the enteric pathogen Yersinia pseudotuberculosis and 
demonstrated that it could complement UreI, a proton-gated urea channel from 
the ulcer-causing pathogen Helicobacter pylori [9]. Surprisingly, yUT possessed 
no detectable homology to UreI, but instead shared 21–25 % sequence identity to 
the mammalian UTs. As more bacterial genomes became available, other bacte-
rial UTs were identified and characterized, including ApUT from Actinobacillus 
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pleuropneumoniae [10]. ApUT was the first UT to be purified in detergent and 
reconstituted into proteoliposomes, which were used in stopped-flow fluorimetry 
assays of urea permeation [11]. ApUT was shown to mediate rapid, downhill flux 
of urea and was sensitive to inhibition by phloretin, a characteristic property of 
mammalian UTs [12]. These results demonstrated that bacterial UTs were suitable 
model systems for structural studies of the UT family. The first crystal structure of 
a UT family member was the homolog from the bacterium Desulfovibrio vulgaris, 
dvUT [13]. This structure was later followed by the structure of UT-B from bovines, 
obtained by overexpressing the mammalian protein in insect cells [14].

Characteristics of the Urea Transporter Fold

Topology and Fold of dvUT and UT-B

The dvUT and bovine UT-B structures are highly similar, and both possess the same 
overall fold. Both proteins form trimers with parallel orientations in the membrane 
(Fig. 5.1a), with a large cavity at the trimer interface (Fig. 5.1b). The fold of the 
individual protomers contains a total of fourteen α-helices, including ten that are 
transmembrane helices and two short helices in the soluble regions of the N- and 
C-termini (Fig. 5.2a). The remaining two helices are “re-entrant” helices; that is, 
they form part of structures that enter the membrane on one side, penetrate only 
partway into the bilayer, and then re-exit on the same side. The two re-entrant heli-
ces 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 proteins 
obey the “positive-inside” rule [15], the N- and C-termini are oriented toward the 
cytoplasm. This topology is consistent with the location of known sites of post-
translational modifications, including N-glycosylation sites on the extracellular loop 
between the fifth and sixth transmembrane helices of both UT-A and UT-B [16, 17] 
and phosphorylation sites on the N-terminus of UT-A1 and UT-A3 [18].

The first five and last five transmembrane helices in the UT protomer each form a 
separate domain with an approximate semicircular shape; the two domains also each 

Fig. 5.1  Oligomeric structure of urea transporters. a Crystal structures of the dvUT (left) and 
bovine UT-B (right) trimers, viewed from the extracellular side. b Helices surrounding the cavity 
at the center of the trimer interface. The surface of the cavity is shown in tan
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contain one re-entrant helix (Fig. 5.2b). Consistent with their sequence homology [1], 
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 struc-
tures) of less than 1 Å (Fig. 5.2c). 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 previously in a number of 
channel and transporter folds [19–25]. At the center of the interface between the two 
domains, intersecting with the pseudosymmetry axis, lies a solvent-accessible pore 
that spans from one side of the bilayer to the other (Fig. 5.3a).

Conservation with Other UTs

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 

Fig. 5.2  Topology and fold of urea transporters. a Topology diagram of a UT protomer. Helices 
that are equivalent in the inverted repeats are colored in pairs; helices not part of the pseudo-
symmetry are gray. The location of the pseudosymmetry axis is marked with a black oval. b 
Cartoon representation of the bUT-B protomer from two orientations, colored according to the 
same scheme as in panel a. The pseudosymmetry axis is marked with a black oval (left) or with a 
black line (right). c The N-(light blue) and C-terminal (dark blue) halves of bUT-B, comprising 
the first and last five transmembrane helices, respectively, are shown superposed on each other
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RMSD between their transmembrane helices is less than 1 Å. It is therefore likely 
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. The soluble regions of the different mamma-
lian UT proteins show more variation: For example, the UT-A isoforms UT-A1 
and UT-A3 have an ~90 residue N-terminal domain, predicted to be unstructured, 
while 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. Post-translational 
modifications in these regions likely account for differences in how the mamma-
lian UT isoforms are regulated and trafficked [26].

While the individual subunits of different UT proteins likely have highly simi-
lar folds, it is not as clear whether all homologs possess the same oligomeric state. 
Native gel electrophoresis and a low-resolution projection map from 2D crys-
tals suggested that the bacterial homolog ApUT forms a dimer [11]. Because the 
UT-A1 isoform contains two tandem UT domains, it cannot form a three-domain 

Fig. 5.3  The urea transporter permeation pathway. a. The central pore in a bUT-B protomer is 
shown as a blue surface. Residues lining the pore are shown as sticks. b. The locations of the pore 
helices are shown relative to the UT pore. c. The UT selectivity filter shown from two orienta-
tions, divided into the So, Sm, and Si regions. Conserved residues capable of forming hydrophilic 
(left) or hydrophobic (right) interactions with ligands within the filter are highlighted in pink
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homotrimer similar to UT-B. It is also unlikely that UT-A1 forms a heterotrimer 
with UT-B or one of the single-domain UT-A isoforms because they are spatially 
segregated in renal tissues. UT-A3 and UT-A1 are both expressed in the epithe-
lia of the inner medullary collecting ducts, but UT-A1 is localized to the api-
cal membrane [27], while UT-A3 is localized to the basolateral membrane [28]. 
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 was shown to exhibit 
a Hill coefficient of ~3 [13], which could be indicative of strong positive coop-
erativity between the different subunits. Additional structural studies on the UT-A 
homologs will likely be necessary to resolve this issue.

Features of the Permeation Pathway

The UT trimer contains a large cavity at the center of the subunit interface 
(Fig. 5.1b), but it is blocked from the solvent on both sides of the membrane by 
hydrophobic residues, and the cavity interior is packed with lipid molecules. It is 
therefore more likely that the permeation pathway for urea and other solutes is the 
pore in the middle of each subunit, lined by highly conserved residues (Fig. 5.3a). 
The structure of this pore is discussed in detail below.

Architecture of the UT Selectivity Filter

The UT pore can be divided into three regions: two hydrophilic vestibules form-
ing the entrances to the pore on either side, which are likely of sufficient width 
for an entering urea molecule to retain its hydration waters, and a narrower region 
approximately 15 Å long at the center of the pore, lined with highly conserved 
residues. This constricted region, referred to as the selectivity filter, ranges in 
diameter from ~1 to 3 Å 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 are the two pore heli-
ces (Fig. 5.3b), the third transmembrane helices from each pseudosymmetry repeat 
(T3a and T3b), and the fifth transmembrane helices from each repeat (T5a and 
T5b). These last two helices are actually shorter than the full length of the mem-
brane, so that the regions forming the selectivity filter are unwound and expose 
backbone elements to the lumen of the pore. This region also corresponds to the 
location of the conserved signature motifs [2].

The selectivity filter can be further subdivided into outer, middle, and inner 
regions, referred to as So, Sm, and Si (Fig. 5.3c). So and Si are related by the pseu-
dosymmetry axis and have a similar architecture. One wall of the pore at these 



715 Structure of Urea Transporters

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 accep-
tors 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 conserved 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.

Comparison with Other Solute Channels

UTs are one of three unrelated families of proteins of known structure that trans-
port urea by a channel-like mechanism. The others are the proton-gated UreI chan-
nels [29], most notable for conferring acid resistance to Helicobacter pylori [30], 
and some members of the aquaporin family, often referred to as the aquaglycerop-
orins, which are capable of transporting urea in addition to water and other small 
polar molecules such as glycerol [31]. Surprisingly, there is no apparent similarity 
between the permeation pathways of UTs and UreI, whose selectivity filter is char-
acterized by two constrictions ringed by aromatic residues [29, 32]. In contrast, 
the permeation pathways of aquaporins show 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. Interestingly, 
the aquaporins also have a pseudosymmetry axis that intersects the center of the 
permeation pathway. The center of the pore harbors the NPA motifs, containing 
two pseudosymmetry-related asparagines that are reminiscent of the central thre-
onines in UT and that contribute to selectivity in aquaporins [33–35].

There are also elements of similarity between the UT pore and the permeation 
pathways of some ion channels. In tetrameric K+ channels, the central permeation 
pathway is encircled by four re-entrant pore helices [36], whose dipole moments 
are thought to help stabilize K+ within the hydrophobic core of the membrane 
[37]. Exposed backbone carbonyls are also key features of the K+ channel selec-
tivity 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-termini. Tilted 
re-entrant helices also play a role in permeation of chloride ions in the CLC 
channels [38].

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 [22, 39, 40]. 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. However, the similarities in their folds suggest a possible 
shared evolutionary origin.
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Interactions with Ligands and the Structural Basis 
of Selectivity and Inhibition

The structures of dvUT and bovine UT-B provide a framework for understand-
ing the mechanism of binding and permeation of urea and urea analogs, which, 
although not naturally occurring compounds, can be useful tools for understanding 
the structural determinants of selectivity in UTs. The structures may also aid in 
optimizing the binding of clinically useful UT inhibitors. The structural basis of 
interactions between UTs and various substrates and inhibitors is discussed below, 
based on information from crystal structures bound to urea analogs, molecular 
dynamics simulations, functional studies, and docking models.

Interactions with Urea and Urea Analogs

There are currently no crystal structures available for any UT protein bound to urea, 
but structures have been solved for dvUT bound to the urea analog 1,3-dimethylu-
rea (DMU) [13] and bovine UT-B bound to selenourea (Fig. 5.4a) [14]. Both struc-
tures contain two molecules of the substrate bound to the selectivity filter, one in 
So and the second in Si (Fig. 5.4b, 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 
molecules, 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 
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, imperme-
able DMU and selenourea analogs could not enter the narrowest region of the pore.

To gain additional information 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 calculate a potential of mean force (PMF) for urea 
permeation, representing the change in the total energy of the system as a func-
tion of the position of urea in the pore [14]. 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 posi-
tions 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 
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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 ΔG of ~5 kcal/mol. No conformational changes other than 
thermal fluctuations were required for urea to pass completely through the pore, 
confirming that UTs are channels, not transporters.

Of the different UTs, the selectivity of UT-B has been the most thoroughly char-
acterized due in part to the early development of assays for measuring substrate flux 
through UT-B in erythrocytes [41–43]. This approach has been used to test the selec-
tivity of UT-B with a large number of urea analogues [6]. The channel can permeate 
formamide and acetamide at rates close to those for urea, indicating that loss or sub-
stitution of one amide nitrogen is tolerated. Transport 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 oxygen atom with sulfur in thiourea, or 
N-methylation of the amides in DMU; however, both of these compounds are effec-
tive 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; how-
ever, transport through mouse UT-A2 and UT-A3 has been measured in vesicles 
derived from oocyte plasma membranes [3]. Both homologs exhibited higher 
selectivity than UT-B and did not permeate any of the tested urea analogs, includ-
ing 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.

Fig. 5.4  Ligand-binding sites in the urea transporter selectivity filter. a The chemical structures 
of urea, dimethylurea (DMU), and selenourea. b, c The locations of DMU molecules in the dvUT 
structure (a) and selenourea molecules in the bUT-B structure (b) are shown relative to the oxy-
gens 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
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Interactions with Other Natural Substrates

The permeation of water through UT-B, although initially controversial [44, 45], 
has since been well established [43, 46, 47]. Recent estimates of the rate of water 
permeation through UT-B are similar to those measured for aquaporins [48]. 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 permeation is 
similar to that observed for aquaporins [48]. The observation that UT-B is an effi-
cient 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 constriction formed by positively charged resi-
dues and another at the NPA motifs, where the positive ends of two helix dipoles 
point into the pore [49, 50]. In contrast, the UT selectivity filter lacks any positively 
charged side chains, and the orientations of the two pore helices are reversed relative 
to aquaporins, leading to a negative 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 [48]. A similar change in orientation was predicted by 
molecular dynamics simulations in aquaporins [51, 52] and recently gained experi-
mental support from an ultra-high crystal structure of a yeast aquaporin [53]. 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 [54]. Molecular dynamics simulations suggest that the ammonia 
is transported via the same central pore that serves as the urea and water permea-
tion pathway and that the energetics of permeation are similar to those for water, 
including the location and size of the central energy barrier at the Sm site.

The ability to transport water and ammonia has also been assayed for UT-A. 
UT-A2 and UT-A3 were found to be impermeable to both compounds [3]. This 
observation fits with the overall pattern of higher selectivity for the UT-A isoforms. 
Given that the rate of flux through UT-A is one to two orders of magnitude slower 
than UT-B [3, 4], the diameter of the Sm site could be smaller, resulting in a higher-
energy barrier. However, it is counterintuitive to imagine that a narrower permea-
tion pathway could result in an improved ability of the channel to reject substrates 
smaller than its native ligand. The residues that line the selectivity filter are well con-
served between UT-A2, UT-A3, and UT-B, including at the Sm site, making it diffi-
cult to ascertain the basis for these differences without a UT-A crystal structure.

Inhibitors of UT Permeation

In addition to urea analogs, there are a number of organic compounds that are struc-
turally unrelated to urea known to inhibit UTs. The plant flavonoid phloretin was 
the first compound of this class to be discovered and inhibits UTs with micromolar 
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affinity [55]. However, phloretin is a relatively non-selective inhibitor of a large 
number of structurally unrelated transport proteins [56–60] and may modulate trans-
port by directly affecting the physical properties of the lipid bilayer [61, 62]. More 
recently, the search for novel diuretics has lead to the discovery of multiple classes 
of high-affinity inhibitors of the mammalian UTs [63–68], including compounds 
that are selective for UT-B over UT-A [68] and vice versa [64]. Currently, there is no 
crystal structure available for any of these compounds bound to the protein. Given 
the large size of the inhibitors relative to the dimensions of the pore, they seem 
unlikely to bind at the predicted urea-binding sites within the selectivity filter itself, 
but curiously, the IC50s of the triazolothienopyrimidine UT-B inhibitors were sensi-
tive to the magnitude of the urea gradient, suggesting a competitive mechanism of 
inhibition involving shared binding sites. In contrast, the UT-A selective compounds 
exhibited non-competitive inhibition [64]. By measuring the kinetics of inhibition, 
Yao et al. were able to demonstrate that the triazolothienopyrimidine-derived UT-B 
selective inhibitors must diffuse through the bilayer and bind to the intracellular side 
of protein [68]; similar experiments demonstrated that non-selective thienoquinolin 
inhibitors block from the intracellular side [66], and selective UT-A inhibitors bound 
to either the intracellular or extracellular side [64]. Computational docking models 
predict that these compounds block the pores by binding to the vestibules immedi-
ately outside of the selectivity filter.
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Abstract UT-A and UT-B families of urea transporters consist of multiple isoforms 
that are subject to regulation of both acutely and by long-term measures. This chap-
ter provides a brief overview of the expression of the urea transporter forms and 
their locations in the kidney. Rapid regulation of UT-A1 results from the combi-
nation of phosphorylation and membrane accumulation. Phosphorylation of UT-A1 
has been linked to vasopressin and hyperosmolality, although through different 
kinases. Other acute influences on urea transporter activity are ubiquitination and 
glycosylation, both of which influence the membrane association of the urea trans-
porter, again through different mechanisms. Long-term regulation of urea transport 
is most closely associated with the environment that the kidney experiences. Low-
protein diets may influence the amount of urea transporter available. Conditions of 
osmotic diuresis, where urea concentrations are low, will prompt an increase in urea 
transporter abundance. Although adrenal steroids affect urea transporter abundance, 
conflicting reports make conclusions tenuous. Urea transporters are upregulated 
when P2Y2 purinergic receptors are decreased, suggesting a role for these receptors 
in UT regulation. Hypercalcemia and hypokalemia both cause urine concentration 
deficiencies. Urea transporter abundances are reduced in aging animals and animals 
with angiotensin-converting enzyme deficiencies. This chapter will provide infor-
mation about both rapid and long-term regulation of urea transporters and provide 
an introduction into the literature.
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Tissue Distribution of Urea Transporters

The urea transporters are grouped into two families, SLC14a1 and SLC14a2 that 
are more commonly known as the UT-B and UT-A urea transporters, respectively. 
The urea transporter genes and proteins are described in Chap. 5 of this book. 
Both of these families have multiple isoforms and all of these forms are regulated 
both acutely and under long-term control. In this chapter, we will examine the tis-
sue and intracellular localization and regulation of these transporter proteins.

A brief recap: UT-A1 protein is expressed in the apical plasma membrane and 
intracellularly in the terminal IMCD in rats [16, 35, 88, 91, 114, 132] and humans 
[7]. The full length UT-A1 has a base molecular weight about 88 kDa and exists 
as two major glycoprotein forms that migrate at 97 and 117 kDa on denaturing 
polyacrylamide electrophoresis gels. The primary sequence and proposed sec-
ondary sequence are provided in Fig. 6.1. Polyclonal antibodies have been raised 
against three portions of UT-A1: the c-terminus (which identifies UT-A1, UT-A2, 
and UT-A4, based on molecular weight) [125, 132, 181, 193], the N-terminal region 
(which identifies UT-A1, UT-A3, and UT-A4); and an intracellular loop region 
which identifies only UT-A1 [45, 80, 146, 181, 182]. All of these antibodies iden-
tify both the 117 and 97 kDa glycoprotein forms of UT-A1. UT-A3 is essentially 
the NH2 terminal half of UT-A1 (Fig. 6.2). Like UT-A1, UT-A3 is expressed only 
in the IMCD [44, 80, 164]. UT-A2 consists of the carboxy terminal half of UT-A1 

Fig. 6.1  Schematic representation of the amino acid sequence and primary structure of UT-A1. 
Reproduced courtesy of comprehensive physiology [92]

http://dx.doi.org/10.1007/978-94-017-9343-8_5
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from amino acids 533–929 (Fig. 6.3) and is found mainly in the thin descending 
limb of the loop of Henle. The C-terminal antibody to UT-A1 also detects UT-A2 as 
a 55 kDa protein band on Western blot of inner medullary proteins. UT-A2 is also 
detected in liver and heart as 55 and 39 kDa proteins bands. Immunohistochemistry 
shows that UT-A2 is expressed in tDLs. UT-A2 is confined to the last 28–44 % 
of the tDL of short-looped nephrons. UT-A4 consists of the N-terminal quar-
ter of UT-A1 spliced into the C-terminal quarter of UT-A1 [80]. UT-A4 mRNA is 
expressed in rat kidney medulla but endogenous expression of UT-A4 protein in the 
kidney has not been verified. UT-A5 and UT-A6 are expressed in mouse testis and 
human colon, respectively, and have not been detected in kidney [45, 168].

UT-B1 protein is detected on Western blot as a broadband between 45 and 
65 kDa in human red blood cells and 37–51 kDa in rat or mouse red blood cells 
[186, 203]. UT-B1 is detected in kidney medulla as a broadband between 41 and 
54 kDa [186]. Immunohistological analysis of human and rodent kidneys show 
UT-B1 in endothelial cells (non-fenestrated) that identify descending vasa recta 
[60, 135, 186, 188, 201, 203]. In particular, UT-B1 is found in descending vasa 
recta external to collecting duct clusters [136]. UT-B1 protein is also present in 
rat testis, brain, colon, heart, liver, lung, aorta, cochlea, muscle, mesenteric artery, 
and urothelia [30, 35, 41, 60, 67, 105, 115, 169, 186, 187, 194]. UT-B2, a second 

Fig. 6.2  Schematic 
representation of the general 
structure of UT-A3. Ball and 
line drawing referable to 
Fig. 6.1 for UT-A1
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isoform, is expressed in the rumen of sheep and cows and in bovine parotid sali-
vary gland [34]. This UT-B isoform is sensitive to pH environments [1, 90, 116, 
119, 166, 173]. Recently, UT-A1 but not UT-A2 or UT-B1 was shown to be 
affected to dietary nitrogen in goat kidney [172].

The reduction of urine concentrating ability in mice lacking UT-B [10] is con-
sistent with decreased concentrating ability in animal models, where UT-B1 pro-
tein abundance is decreased, such as with potassium deprivation [77], ureteral 
obstruction [110], water loading [114], and severe inflammation [158]. In addition 
to having a role in urine concentration, studies of UT-B knockout mice suggest 
that this protein is important in cardiac conduction, since deletion of UT-B results 
in altered development of troponin T and atrial natriuretic peptide, as well as pro-
gressive heart block in these mice [120, 212]. A recent report suggests that UT-B1 
can transport both water and NH3 gas as well as urea presenting some new regula-
tory possibilities for function of this transporter [51].

Fig. 6.3  Schematic 
representation of the general 
structure of UT-A2. Ball and 
line drawing referable to 
Fig. 6.1 for UT-A1
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Rapid Regulation of Urea Transport

The isolated perfused tubule technique has been the primary method for investi-
gating the rapid regulation of urea transport [153, 155]. This approach provides 
functional information that is physiologically relevant. However, in the IMCD, 
it cannot determine which urea transporter is responsible for a functional effect 
since it expresses both UT-A1 and UT-A3. Functional studies show that phlore-
tin-inhibitable urea transport is present in both the apical and basolateral plasma 
membranes of rat terminal IMCDs with the apical membrane being the rate-
limiting barrier for vasopressin-stimulated urea transport [170]. The availabil-
ity of antibodies that detect specific urea transporters and their localization and 
the generation of stably transfected cell lines expressing a single urea trans-
porter have provided the opportunity to assess the roles of UT-A1 and UT-A3 in 
the rapid regulation of urea transport in the IMCD. The UT-A1/UT-A3 double 
knockout mouse is not able to concentrate urea [43, 65]. Figure 6.4 shows the 
urine osmolalities of wild-type and UT-A1/UT-A3 knockout mice. Under base-
line conditions, the knockout mice produce urine that is much more dilute than 
the wild-type mice, and even when stimulated to concentrate with vasopressin, the 
knockout mice are unable to improve their urine osmolality (Fig. 6.4). Recently, 
a mouse that expresses UT-A1 but lacks UT-A3 (UT-A1+/+/UT-A3−/−) has been 
generated [93]. This is the first mouse model that contains only one of the UT-A 
urea transporters and it is capable of concentrating urine to levels that are close to 
those in control animals. Treatment of UT-A1+/+/UT-A3−/− mice with vasopres-
sin increases urine osmolality. In order to better understand the separate roles for 

Fig. 6.4  Animals lacking 
UT-A1 and UT-A3 are unable 
to concentrate their urine. 
Shown are average urine 
osmolalities from wild-
type mice and UT-A1/A3 
knockout (KO) mice. The 
number of animals per group 
varied from 8 to 14. Mice 
were treated with arginine 
vasopressin (+AVP) or 
vehicle (−AVP) for 7 days 
before urine was collected, 
and osmolality measured 
using a vapor pressure 
osmometer. * = significantly 
different
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UT-A1 and UT-A3 in the vasopressin response, the next step will be to charac-
terize these animals using perfusion techniques with isolated inner medullary col-
lecting ducts. This will help us understand the rapid response of the single urea 
transporter to vasopressin. The concept that urea enters the cell apically through 
UT-A1 and exits the cell by UT-A3 at the basolateral surface suggests that the 
basolateral localization of UT-A3 may have great practical appeal.

Vasopressin

Isolated perfused tubule studies show that addition of vasopressin to the basolat-
eral membrane of the rat terminal IMCD results in increased facilitated urea per-
meability [102, 123, 124, 130, 155, 156, 171]. This is believed to occur through 
the canonical vasopressin stimulatory pathway; that is, by binding of vasopressin 
to V2 receptors, stimulating adenylyl cyclase (AC), generating cAMP, and ulti-
mately stimulating cyclic AMP-dependent protein kinase (PKA) (Fig. 6.5). The 
effect occurs within minutes of adding vasopressin to the bath [195]. Vasopressin 
also increases urea flux in freshly isolated IMCD cell suspensions, UT-A1-MDCK 
cells (Fröhlich et al. [47, 48], UT-A1-mIMCD3 cells [91], and mUT-A3-MDCK 
cells [176]. The urea reflection coefficient in the rat terminal IMCD is unity [27, 
100], demonstrating that there is no solvent drag of urea in this nephron segment.

Vasopressin thus exerts its effects through manipulation of cAMP levels that 
then impact transporter activity. UT-A1 is phosphorylated and activated by 
cyclic AMP-dependent protein kinase, PKA [151]. This is discussed more thor-
oughly below. UT-A2 is not stimulated by cAMP analogs when expressed in 

Fig. 6.5  A mechanistic diagram showing the classic regulatory pathway mediated by vasopressin. 
Protein Kinase A (PKA), which is stimulated by vasopressin-mediated increases in adenylyl 
cyclase (AC), and subsequent increases in cAMP, phosphorylates UT-A1 promoting its traffick-
ing to the apical plasma membrane. UT-A3 is located basolaterally based on immunohistochemi-
cal evidence. The large arrow shows that urea enters the cell through UT-A1 at the apical surface 
and exits through UT-A3 at the basolateral surface, resulting in increased interstitial urea concen-
trations. (diagram courtesy of Dr. M. Blount, Emory University)
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either Xenopus oocytes or human embryonic kidney (HEK) cells [6, 80, 142, 161, 
163, 167, 211]. However, in MDCK cells that are stably transfected with mouse 
UT-A2, vasopressin does increase urea flux [139]. Forskolin and increased intra-
cellular calcium also increase urea flux in mUT-A2-MDCK cells; however, the 
PKA inhibitor H-89 had no effect on forskolin-stimulated urea flux in the mUT-
A2-MDCK cells. Urea transport by UT-A3 is stimulated by cAMP analogs when 
expressed in Xenopus oocytes or HEK293 cells [46, 80, 168] except in one study 
[164]. Urea transport is also stimulated by vasopressin via a PKA-mediated path-
way in cells that are stably transfected with mouse UT-A3, mUT-A3-MDCK cells 
[174]. The effect of cAMP on UT-A5 and UT-A6 has not been tested.

Phosphorylation

The deduced amino acid sequences for UT-A1 and UT-A3 contain several con-
sensus PKA phosphorylation sites [80]. Proteomic and cDNA array approaches 
have identified UT-A1 and UT-A3 as proteins that are phosphorylated by vaso-
pressin in the inner medulla [11, 18, 57, 59, 190, 213, 214]. Incubating freshly 
isolated suspensions of rat IMCDs with vasopressin increases the phosphorylation 
of both the 117 and 97 kDa UT-A1 glycoproteins within 2 min [215] and of the 
67 and 44 kDa UT-A3 proteins [14]. Vasopressin also increases the phosphoryla-
tion of UT-A1 in UT-A1 MDCK cells [47, 48] and UT-A1 mIMCD3 cells [91]. 
The time course and dose response for vasopressin-stimulated increases in UT-A1 
phosphorylation are consistent with the time course and dose response for vaso-
pressin-stimulated increases in urea permeability in perfused rat terminal IMCDs 
[131, 171, 195, 215]. cAMP, forskolin, and dDAVP (a V2-selective agonist) also 
increase UT-A1 phosphorylation, and PKA inhibitors block vasopressin- or for-
skolin-stimulated phosphorylation of UT-A1 in rat IMCD suspensions [215] and 
UT-A1 MDCK cells [48, 178]. In addition to stimulating PKA, vasopressin/cAMP 
can stimulate Epac (exchange protein activated by cAMP) [17, 56, 58, 107, 113, 
205, 210]. Activating Epac increases urea permeability in perfused rat terminal 
IMCDs and increases UT-A1 phosphorylation in IMCD suspensions [198].

A phosphoproteomic analysis identified serine 486 as a potential vasopressin-
stimulated phosphorylation site in UT-A1 [57]. This same serine was identified 
in a second study that also identified serine 499 as a second potential PKA phos-
phorylation site [15]. Using site-directed mutagenesis and transient transfection in 
heterologous expression systems, PKA was shown to phosphorylate UT-A1 at Ser 
486 and Ser 499 [15]. 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 sen-
sitivity to UT-A2 [122]. Ser 486-phosphorylated UT-A1 is detected primarily in 
the apical plasma membrane in rat IMCDs [91]. A subsequent phosphoproteomic 
screen showed that Ser 84, which is present in both UT-A1 and UT-A3, could be 
phosphorylated by PKA [11]. Vasopressin was shown to increase phosphorylation 
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at Ser 84 in rat UT-A1 and UT-A3 [63]; however, the vasopressin-stimulated phos-
phorylation site in human or mouse UT-A3 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 phosphorylated [168]. 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 con-
sensus kinase sites on this urea transporter. Recently, PKC has been shown to 
stimulate urea permeability and the phosphorylation of UT-A1 [95, 183, 199, 200]. 
PKCα in particular appears to be involved in the phosphorylation of UT-A1 under 
hypertonic conditions [199]. Figure 6.6 shows the consensus phosphorylation sites 
for PKA and PKC in UT-A1, UT-A2, UT-A3, and UT-A4.

Stimulation by phosphorylation suggests the importance of dephosphorylation 
in the regulation of urea transporters; however, there are very limited studies ana-
lyzing the dephosphorylation of urea transporters. Ilori et al. have reported that 
the phosphorylation level of UT-A1 is effected by inhibition of calcineurin sug-
gesting 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 [66].

Plasma Membrane Accumulation

Vasopressin increases the plasma membrane accumulation of UT-A1 and UT-A3 in 
freshly isolated suspensions of IMCDs from normal rats [14, 94]. However, vasopres-
sin does not increase the plasma membrane accumulation of UT-A1 in IMCDs from 
Brattleboro rats or 2-week water diuretic rats [68, 94]. Brattleboro rats are a naturally 

Fig. 6.6  This schematic representation of UT-A1 shows the locations of consensus sequences 
for PKA and PKC phosphorylation sites. The large black arrows show the confirmed PKA sites 
that are necessary for UT-A1 accumulation in the apical plasma membrane
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occurring strain that congenitally lack vasopressin in the CNS, thus are a model for 
central diabetes insipidus. When forskolin is used as an agonist, instead of vasopres-
sin, it does increase the plasma membrane accumulation of UT-A1 in IMCDs from 
2-week water diuretic rats [94]. One possible explanation is that chronically diuretic 
animals have a blunted cAMP response to vasopressin [33, 86, 160]. Directly stimu-
lating AC with forskolin [160] may result in higher levels of cAMP production and 
an increase in UT-A1 accumulation in the plasma membrane [94]. Activating Epac 
increases UT-A1 plasma membrane accumulation in rat IMCD suspensions [198]. 
Confirming the importance of cAMP in the regulation of urea transport, Sanches 
et al. have shown that inhibition of phosphodiesterase 5 with sildenafil causes an 
upregulation of renal UT-A1 and a decrease in lithium-related polyuria [145].

Vasopressin or forskolin also increases UT-A1 apical plasma membrane accu-
mulation in UT-A1-MDCK cells [91]. Mutations of both Ser 486 and Ser 499, but 
not either one alone, eliminates vasopressin stimulation of UT-A1 apical plasma 
membrane accumulation and urea transport, indicating that at least one of these 
serines must be phosphorylated to increase apical plasma membrane accumulation 
and urea flux [15]. A phospho-specific antibody to pSer486-UT-A1 confirmed that 
vasopressin increases UT-A1 accumulation in the apical plasma membrane and that 
the pSer486-UT-A1 form is primarily detected in the apical plasma membrane [91].

Vasopressin also increases plasma membrane accumulation of UT-A3 in rat 
IMCDs, both in the basolateral and apical membranes [14]. In mUT-A3-MDCK 
cells, 10 min of vasopressin stimulates urea flux through transporters already 
in the basolateral plasma membrane [176]. The basal expression of UT-A3 in 
the basolateral plasma membrane involves protein kinase C (PKC) and calmo-
dulin, while its regulation by vasopressin involves a casein-kinase II-dependent 
pathway [176].

In rat IMCDs, UT-A1 is linked to the SNARE machinery via snapin, sug-
gesting that SNARE-SNAP vesicle trafficking mechanism may be function-
ally important for regulating urea transport [121]. UT-A1 also interacts with 
caveolin-1 in lipid rafts, which provides another mechanism for the regulation 
of UT-A1 activity within the plasma membrane [40]. UT-A1 is endocytosed by 
a dynamin-dependent process that is mediated by both caveolae and clathrin-
coated pit pathways [62, 179].

Ubiquitination

Both UT-A1 and UT-A3 proteins can be ubiquitinated based on studies showing 
that abundance of these proteins is increased when ubiquitin proteasome proteo-
lytic pathways have been inhibited. [22, 175]. Only UT-A1, however, has been 
rigorously shown to have ubiquitinated high-molecular weight forms by immu-
noprecipitation and Western analysis [22]. The ubiquitin ligase MDM2 mediates 
UT-A1 ubiquitination and degradation, which may contribute to the regulation of 
UT-A1 [22]. Figure 6.7 shows the possible ramifications of UT-A1 ubiquitination.
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Glycosylation

UT-A1 has four consensus N-linked glycosylation sites, but only Asn 279 and 
Asn 742 in the rodent (Asn 271 and Asn 733 in humans) are predicted to reside in 
extracellular domains of UT-A1 [20] (Fig. 6.8). Mutation of either these Asn resi-
dues reduces urea flux by reducing UT-A1 half-life and apical plasma membrane 

Fig. 6.7  This illustration shows the possible consequences of UT-A1 ubiquitination. 
Ubiquitination prior to membrane insertion or polyubiquitination at the membrane could lead to 
protosomal degradation. Monoubiquitination at the membrane could lead to endosome insertion 
and potentially lysosomal degradation as could monoubiquitination prior to membrane insertion

Fig. 6.8  Illustration showing the glycosylation sites on UT-A1. Provided is a ball and line car-
toon of UT-A1 with the extracellular amino acids identified and the known glycosylated residues 
identified with arrows
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accumulation in MDCK cells [20]. Glycosylation is reported to be linked to 
UT-A1 lipid raft localization within the membrane [21]. Recent accounts suggest 
that glycosylation is important to the transport activity of UT-A3 [177]. Another 
chapter in this book will be devoted to the regulation of urea transport by glyco-
sylation-mediated mechanisms.

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, 103, 
156]. These findings suggest that hyperosmolality is an independent regulator of urea 
transport. When vasopressin is present, increasing osmolality has an additive stimula-
tory effect on urea permeability [24, 52, 103, 156]. Hyperosmolality-stimulated urea 
permeability is inhibited by phloretin and thiourea [52]. Kinetic studies show that 
hyperosmolality, similar to vasopressin, increases urea permeability by increasing 
Vmax rather than Km [26, 52]. However, hyperosmolality stimulates urea permeabil-
ity via increases in PKC activation and intracellular calcium [53, 81, 95, 200], while 
vasopressin stimulates urea permeability via increases in AC [171]. Hyperosmolality, 
similar to vasopressin, increases phosphorylation and plasma membrane accumu-
lation both UT-A1 and UT-A3 [13, 14, 94, 215]. Thus, both hyperosmolality and 
vasopressin rapidly increase urea permeability, but they do so via different signaling 
pathways with vasopressin dependent on the second messenger cAMP and hyper-
tonicity dependent on intracellular calcium. In a recent study, treatment of patients 
with hypertonic saline solution resulted in increased expression of UT-A1, confirm-
ing responsiveness in human subjects [71]. Hyperosmolality has also been shown to 
induce expression of UT-A2 in mouse medullary collecting duct [76].

The collecting duct of the houndshark, Triakis scyllium expresses a urea trans-
porter [202]. 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 [202].

Other Agents that Acutely Regulate Urea Transporters

The mRNA for the type 1 angiotensin II (AT1) receptor is present in rat IMCDs 
[78, 157, 180], and radioligand-binding studies show that AT1 receptors are expressed 
[126]. Angiotensin II does not affect basal (no vasopressin) urea permeability in rat 
terminal IMCDs [81]. However, it increases both vasopressin-stimulated urea permea-
bility and UT-A1 phosphorylation via PKC-mediated effects [81]. By augmenting the 
maximal urea permeability response to vasopressin, angiotensin II may play a physi-
ologic role in the urinary concentrating mechanism.



90 J.D. Klein

Glucagon increases the fractional excretion of urea [2, 3, 98]. However, the 
effects of glucagon on urea transport in the IMCD have varied between studies. In 
one study, glucagon decreased urea permeability in perfused rat terminal IMCDs and 
UT-A1 abundance in rat IMCD suspensions [207]. These effects of glucagon occur 
by stimulating a PKC-signaling pathway [207]. In other studies, glucagon did not 
alter the basal- or vasopressin-stimulated urea permeability in perfused rat IMCDs. 
Neither did it alter cAMP production in any segment of the IMCD [69, 117].

Oxytocin increases urea permeability by binding to the V2-receptors and 
increasing cAMP production [24, 25]. Oxytocin-stimulated urea permeability is 
inhibited by phloretin [24]. Chlorpropamide increases basal urea permeability in 
the rat terminal IMCD [143]. Alpha-2-adrenergic agonists, such as epinephrine 
and clonidine, inhibit vasopressin-stimulated urea permeability in the rat terminal 
IMCD [117, 144]. Furosemide inhibits vasopressin-stimulated urea permeability 
in the rat terminal IMCD [104]. Chronic use of chloroquine downregulates cAMP 
levels and inhibits urea transport [192]. Amphotericin B also inhibits vasopressin-
stimulated urea permeability, but not cAMP-stimulated urea permeability, in the 
rat terminal IMCD [206]. Neither atrial natriuretic peptide [133] nor insulin [118] 
alters urea permeability in rat terminal IMCDs.

Recent and ongoing investigations have targeted small urea analogs as poten-
tial new diuretics. These small molecules have been designed to inhibit both UT-B 
and UT-A urea transporters by binding at vulnerable key residues in the projected 
channel portion of the transporters [4, 28, 36, 99, 112, 150, 208].

There are some initial investigations suggesting a possible role for reactive oxy-
gen species in the control of urea transporters and urine concentration. To date, 
these have concentrated on the effects of nitric oxide (NO) in a setting of diabetes 
mellitus suggesting that NO supports the increased transporter protein levels that 
are the response to that disease state [29].

Long-term Regulation of Urea Transporters

In addition to the rapid regulation of urea transport by phosphorylation and other 
post-translational modifications of urea transporters and reagents that alter the 
membrane accumulation of the urea transporters, there are various long-term 
effects of vasopressin and other agents that can change urea transporter protein 
abundance. Experimentally, there have been two methods used to alter the vaso-
pressin levels in animal models: alteration of the hydration state through water 
loading or water restriction to alter endogenous vasopressin levels; or administer-
ing exogenous vasopressin to stimulate both V2 and V1 receptors or dDAVP to 
stimulate only the V2 receptor. The administration of vasopressin or dDAVP to 
achieve consistently high levels of the agonists is routinely accomplished through 
a sustained release mini-pump, although serial injections have been used. While 
both vasopressin and dDAVP induce antidiuresis, there are differences in their 
quantitative and temporal effects on urine flow rate and urine concentration [9].
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UT-A1

Administering vasopressin to Brattleboro rats for 5 days decreases UT-A1 protein 
abundance in the inner medulla [87, 181]. Consistent with this change in UT-A1 
protein abundance, perfused terminal IMCDs from rats that were water loaded for 
3 days have higher basal- and higher vasopressin-stimulated urea permeabilities than 
terminal IMCDs from rats given water ad libitum [82]. Histochemistry also shows 
increased UT-A1 expression in 3-day water-loaded rats without a change in UT-A1’s 
subcellular distribution [114]. This increase in urea transport and UT-A1 protein 
abundance does not result from a decrease in UT-A1 or UT-A1b mRNA abundances 
since Northern blot analysis shows no change in abundance of either mRNA in 
response to changes in hydration state in most studies [8, 42, 141, 142, 161, 167], 
although one study does report that UT-A1 mRNA abundance is decreased in water 
restricted or vasopressin-treated Brattleboro rats [162]. Overall, changes in UT-A1 
protein abundance in response to changes in vasopressin levels or hydration state do 
not appear to be regulated by transcription. In rats with chronic primary polydipsia, 
36 h of water deprivation caused no change in UT-A1 protein abundance [19].

When vasopressin is administered for a longer period of time, 12 days instead 
of 5 days as in the preceding studies, UT-A1 protein abundance is significantly 
increased [87]. Similarly, water loading rats for 14 days (instead of 3 days) signifi-
cantly decreased UT-A1 protein abundance [87]. The exact timing of the initiation 
of UT-A1 increases is unknown since a careful time course between 3 and 14 days 
has not been performed; however, the timing responses that have been observed 
are consistent with the time course for increases in inner medullary urea content 
when Brattleboro rats are treated with vasopressin [55].

Analysis of the UT-A promoter I may explain this time course since there is no 
CRE in the 1.3 kb that has been cloned and cAMP does not increase promoter I 
activity [127, 128]. However, a TonE element is present in promoter I, and hyper-
osmolality increases promoter activity [127, 128]. Thus, vasopressin administra-
tion may initially increase the transcription of the Na–K–2Cl cotransporter in the 
thick ascending limb; the increase in NaCl reabsorption will in turn increase inner 
medullary osmolality, which will then increase UT-A1 transcription through TonE  
[64, 127, 128, 209]. Since the inner medullary interstitium becomes hypertonic 
sooner than the 12 days of vasopressin administration, additional mechanisms may 
also be involved in increasing UT-A1 abundance. In particular, there may be a role 
for PKC in a long-term as well as a short-term regulation given that hypertonicity 
results in UT-A1 membrane accumulation in response to a PKC-mediated pathway.

UT-A2 and UT-A3

The mRNA abundances of UT-A2, UT-A2b, UT-A3, and UT-A3b are reduced in the 
inner medulla of 3-day water-loaded rats. Under antidiuretic conditions, however, 
they are increased. For example, levels rise in rats and mice that are water restricted 
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for 3 days, rats receiving dDAVP for 3 weeks and Brattleboro rats treated with vaso-
pressin for 1 week [8, 46, 101, 141, 142, 162, 167]. The protein expression of UT-A2 
and UT-A3 are also decreased in water-loaded animals as determined by immunohis-
tology. Although decreased in abundance, there is no apparent change in the subcel-
lular distribution of either urea transporter [114]. During antidiuresis, UT-A2 protein 
is increased within 7 days of dDAVP administration to Brattleboro rats [193] and 
decreased by 7 days of furosemide (an inhibitor of NKCC2) administration [108]. A 
transcriptional mechanism could be involved in the UT-A2 response since this trans-
porter is under the control of the UT-A promoter II, which contains a CRE element 
and is increased by cAMP and by extension, vasopressin [127]. UT-A2 expression 
is also increased in mIMCD3 cells that are grown in hypertonic medium-containing 
urea and NaCl. In isotonic medium, mIMCD3 cells do not express any UT-A iso-
form [108, 128]. UT-A3 is under the control of the UT-A promoter I that contains a 
TonE and could be mediated by tonicity-responsive transcription [128].

UT-B

UT-B1 mRNA abundance in both the outer and inner medulla is reduced after 
administering dDAVP or vasopressin to Brattleboro rats for 6 hours. Upon longer 
treatment with vasopressin or dDAVP (5 days), the UT-B1 mRNA abundance was 
increased in the outer medulla and the inner medullary base, but remained decreased 
in the inner medullary tip [141]. One study reports an increased expression of 
UT-B1 protein was observed by immunohistochemistry in rats that had been water 
loaded for 3 days. Subcellular distribution of UT-B1 was unaltered in the water-
loaded animals [114]. Another study reports that UT-B1 protein was substantially 
downregulated by long-term dDAVP infusion [188]. The response of UT-B1 to vaso-
pressin is unclear. Expression of UT-B2 protein is not affected by vasopressin [185].

Low-protein Diets

The fractional excretion of urea is decreased in rats fed a low-protein diet for at 
least 2 weeks [137]. In contrast to the terminal IMCD, the initial IMCD has a low 
basal urea permeability that is not increased by vasopressin [153, 155]. However, 
2 weeks of a low-protein diet induces the functional expression of vasopressin-
stimulated urea permeability in the initial IMCD [6, 69, 70]. The low-protein diet-
induced vasopressin-stimulated urea permeability in the initial IMCD is stimulated 
by hyperosmolality and inhibited by phloretin and thiourea [6, 70]. Thus, it has 
the same functional characteristics as the vasopressin-stimulated urea permeabil-
ity that is normally expressed in the terminal IMCD [6]. A low-protein diet also 
increases basal urea permeability in the deepest third of the IMCD, the IMCD3 
[83], and increases UT-A1 protein abundance in the inner medulla [181].
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The sensitivity of inner medullary mRNA for UT-A1 and UT-A2 to low-protein 
conditions is controversial [6, 61, 167]. Feeding normal rats a low-, normal-, or 
high-protein diet (10, 20, or 40 % protein, respectively) for 1 week resulted in no 
change in the mRNA for either UT-A1or UT-A2. Feeding Brattleboro rats with a 
low-protein diet resulted in decreased UT-A1 mRNA, suggesting that vasopressin 
and dietary protein may cross talk in the regulation of urea transporter abundance. 
Although Sprague-Dawley or Brattleboro rats did not show any change in their 
UT-A2 mRNA upon low-protein (10 %) feeding, rats that were fed an 8 % low-
protein diet for 1 week showed an increased UT-A2 mRNA in the inner medullary 
base [6]. Thus, conflicting accounts in the literature exist and a definitive study 
has not yet been reported. UT-B1 mRNA abundance is unaffected by a change in 
dietary protein from 10 to 40 % in either normal or Brattleboro rats [61]. In sheep, 
UT-A mRNA abundances in pelvic epithelium lining and outer medulla were 
decreased by a low-protein diet [5], which may be important for renal conserva-
tion of nitrogen during protein restriction.

Osmotic Diuresis

In the normal kidney, the inner medulla vacillates between diuresis and antidiure-
sis with urea and NaCl being the predominant solutes contributing to inner medul-
lary osmolality. There are some excellent reviews on the urea-specific signaling 
pathways that have been explored in mIMCD3 cells [12, 184]. In situations where 
the urea content of the urinary solute is low, UT-A1 protein abundance increases 
[85, 106, 108, 114]. This increase in UT-A1 may be an effort to restore the hyper-
osmolality of the medullary interstitium to promote urine concentrating ability. 
When the medullary interstitial urea concentration is high, UT-A2 and UT-B1 in 
the outer medulla increase in abundance, as one might see with a urea-induced 
osmotic diuresis. However, during a NaCl- or glucose-induced osmotic diure-
sis, the same increase is not seen [85, 106, 114]. The urea-induced osmotic diu-
resis alters both UT-A1 and UT-A3 protein abundances, but UT-A1 is increased 
while UT-A3 decreases, which suggests that the tonicity enhancer binding protein 
(TonEBP) is attempting to minimize changes in plasma osmolality and maintain 
water homeostasis [89]. TonEBP is also known as NFAT5 or the osmotic response 
element binding protein (OREBP). This element is an important regulator of 
urine concentrating ability [74, 106]. Transgenic mice that overexpress a domi-
nant negative form of TonEBP have reduced urine concentrating ability, reduced 
urine osmolality, and reduced UT-A1 and UT-A2 mRNA abundances [106]. When 
these mice are deprived of water or given vasopressin, they increase urine osmo-
lality and UT-A1 mRNA, but not UT-A2 mRNA abundance. The inability of 
UT-A2 to respond under conditions where TonEBP is downregulated sheds light 
on the mechanism of the change in UT-A2 during urea-induced osmotic diuresis. 
TonEBP also stimulates mRNAs for proteins that cause accumulation of organic 
osmolytes, i.e., aldose reductase [75]. Mice lacking aldose reductase cannot 
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effectively concentrate their urine. Knock-in of the aldose reductase transgene 
mostly corrected their urine concentrating ability, and this was accompanied by an 
increase in UT-A1, suggesting a further link between osmolality and urea transport 
regulation [204].

Adrenal Steroids

Adrenalectomy produces a urine concentrating defect although the mechanism is 
unclear [23, 73, 79, 159]. Glucocorticoids such as dexamethasone increase the frac-
tional excretion of urea in rats [97]. Two studies have examined the effect of glu-
cocorticoids on UT-A1 protein abundance and obtained opposite results. In one 
study, rats were adrenalectomized and compared to sham-operated rats or adrenal-
ectomized rats receiving a stress dose of dexamethasone [129]. Compared to sham-
operated rats, adrenalectomy increased urea permeability in terminal IMCDs and 
UT-A1 protein abundance in the inner medullary tip [129]. The second study used 
a somewhat different model: All rats were adrenalectomized and given aldosterone 
replacement, and half of the animals were also given dexamethasone [23, 111]. The 
rats lacking glucocorticoid had a decrease in UT-A1 and UT-A3 protein abundances 
[23, 111]. The reason for the different findings regarding UT-A1 between these stud-
ies is unclear, but may be due to the different treatment protocols.

Administering dexamethasone at stress levels to normal rats decreased UT-A1 
and UT-A3 mRNA abundances in the inner medullary tip but does not change 
UT-A2 mRNA abundance [138]. Dexamethasone also decreases UT-A promoter 
I activity [138], suggesting that the decrease in UT-A1 and UT-A3 mRNA abun-
dance is transcriptionally regulated. When rats received dexamethasone treatment 
for 14 days, both UT-A1 and UT-A3 protein abundance decreased with an associ-
ated increase in urea excretion [111].

Mineralocorticoids (aldosterone) also decrease UT-A1 protein abundance in the 
inner medulla of adrenalectomized rats [50]. This decrease can be blocked by the 
mineralocorticoid receptor antagonist, spironolactone [50]. Spironolactone does not 
block the decrease due to dexamethasone [50], indicating that each adrenal steroid 
hormone works through its own receptor. Aldosterone-induced volume expansion 
with a high-NaCl diet decreased both UT-A1 and UT-A3 protein abundances [196].

Purinergic Receptor P2Y2

Activation of P2Y2 purinergic (G-protein coupled) receptor in the IMCD tends 
to oppose the action of vasopressin [216]. P2Y2-receptor knockout mice have 
increased urine concentrating ability, and UT-A1 and UT-A2 protein abundances, 
when compared to wild-type mice [216]. Administering vasopressin for 45 min or 
5 days increases UT-A1 protein abundance in P2Y2-receptor knockout mice [216]. 
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UT-A2 protein abundance increases in both control and P2Y2-receptor-null mice 
given vasopressin for 5 days [216], suggesting a role for cAMP in the regulation of 
UT-A2. Acute treatment with PKA agonists failed to cause an increase in UT-A2 
[46]. However, longer treatment times resulted in the upregulation of UT-A2 pro-
tein abundance [191, 193], suggesting that cAMP may be involved in the long-
term regulation of UT-A2, but not the acute response.

Electrolyte Abnormalities that Reduce Urine  
Concentrating Ability

Both hypercalcemia and hypokalemia cause reductions in urine concentrating ability 
[49, 77, 109, 152]. Surprisingly, rats made hypercalcemic for 3 or 4 days by adminis-
tering vitamin D have an increase in basal urea permeability in their terminal IMCDs 
compared to normocalcemic control rats [152]. UT-A1 protein abundance is also 
increased [152]. This response is similar to the decrease in UT-A1 protein abundance 
following 3 days of vasopressin administration or water restriction [82, 87, 181]. It is 
not known whether a longer period of hypercalcemia would result in the downregu-
lation of UT-A1, similar to what is observed following longer periods of water diu-
resis [87]. These changes may be regulated by the calcium-sensing receptor in the 
apical plasma membrane of the terminal IMCD [154]. Treatment of mice that model 
autosomal dominant polycystic kidney disease (ADPKD) or rats that model auto-
somal recessive polycystic kidney disease (ARPKD) with R-568, a type 2 calcimi-
metic, results in hypocalcemia and polyuria in both animal models. Low-dose R-568 
treatment resulted in minimal changes in UT-A1 protein abundance, with significant 
increases seen in female ARPKD rats, but not in males [197].

Hypokalemia reduces TonEBP protein abundance and nuclear distribution in 
the medulla [74]. Downregulation of TonEBP contributed to reduced expression 
of UT-A1 and UT-A2, although UT-A2 expression was transcriptionally reduced 
while UT-A1 was reduced post-transcriptionally [74]. In addition, UT-B1 expres-
sion was reduced with a concomitant decrease in mRNA abundance in response 
to hypokalemia [74]. Another study also showed that feeding rats with low-potas-
sium diet reduces the abundance of UT-A1, UT-A3, and UT-B1 proteins in the 
inner medulla [77]. However, this study found that hypokalemia increases UT-A2 
protein abundance in the outer medulla [77]. The reason for the different findings 
regarding UT-A2 between these studies is unclear.

Aging

Normal aging results in a decrease in urine concentrating ability (reviews: (Sands 
[147–149]. UT-A1, UT-A3, and UT-B1 protein abundances are reduced in kidneys 
of aged rats [32, 140, 189]. A supra-physiologic dose of dDAVP increases urine 
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osmolality and UT-A1, UT-A2, and UT-B1 protein abundances, but not to the lev-
els observed in younger rats [31]. Recently, N-acetylcysteine has been linked to 
beneficial effects on renal function in aging animals involving increased levels of 
NKCC2, AQP2, and UT-A1 [165].

Angiotensin II

In addition to its well-recognized role in blood pressure regulation and sodium 
homeostasis, the renin–angiotensin system may play an important role in the 
urinary concentrating mechanism. Infusing angiotensin II into the renal artery 
increases urine osmolality [39], whereas knockout of the gene for angiotensin-
converting enzyme (ACE) or angiotensinogen, or treatment of neonatal rats with 
an ACE inhibitor impairs urine concentrating ability [37, 38, 54, 72, 84, 96, 134]. 
Mice that lack tissue ACE have a normal appearing medulla, but still have a urine 
concentrating defect [38] and UT-A1 protein abundance is decreased to 25 % of 
the level seen in wild-type mice [96]. Administering angiotensin II to these mice 
for 2 weeks does not correct either the urine concentrating defect or the reduction 
of UT-A1 protein abundance [96].
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Abstract Urea and urea transporters (UT) are critical to the production of 
 concentrated urine and hence in maintaining body fluid balance. The UT-A1 urea 
transporter is the major and most important UT isoform in the kidney. Native 
UT-A1, expressed in the terminal inner medullary collecting duct (IMCD) epi-
thelial 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 increases in phosphorylation and apical plasma-membrane 
accumulation of UT-A1. The cell signaling pathway for vasopressin-mediated 
UT-A1 phosphorylation and activity involves two cAMP-dependent signal-
ing pathways: protein kinase A (PKA) and exchange protein activated by cAMP 
(Epac). In this chapter, we will discuss UT-A1 regulation by phosphorylation, 
ubiquitination, and glycosylation.
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Membrane trafficking · Ubiquitination · Protein degradation · N-linked glycosylation

Phosphorylation of Urea Transporters

A tubular perfusion study by Sands et al. [57] in 1987 first demonstrated that the 
terminal IMCD exhibits a high basal urea permeability. This activity is dramati-
cally increased in the presence of the hormone vasopressin. The first UT-A urea 
transporter, UT-A2, was cloned by You et al. [81] in 1991 and was characterized as  
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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 prin-
cipal cells in the kidney collecting duct [51, 54, 56, 73]. Using [32P] radioisotope 
labeling techniques in IMCD suspensions, Zhang et al. [83] 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 identi-
fied UT-A1, as well as UT-A3, as the phosphorylated proteins stimulated by vas-
opressin in the inner medulla [2, 6, 25, 27, 70, 82]. Adding vasopressin (or the 
cAMP stimulator forskolin) to IMCD suspensions rapidly increases the abun-
dance of phosphorylated UT-A1 at 2 min, which peaks at 5–10 min and remains 
elevated for up to 30 min [83]. The time course and dose response of UT-A1 phos-
phorylation are identical to vasopressin-induced stimulation of urea permeability 
observed by Wall et al. [73] in 1992 in perfused rat terminal IMCDs. Vasopressin 
also increases the phosphorylation of UT-A1 in UT-A1-MDCK cells [18, 19] and 
UT-A1-mIMCD3 cells [37]. 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. [3] using phosphomutant forms of UT-A1 het-
erologously expressed in cultured cells.

Vasopressin Signaling Pathway Mediating UT-A1 
Phosphorylation

Star et al. [62] 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. The addition of vasopres-
sin to the basolateral membrane of a rat terminal IMCD stimulates kidney urea 
permeability via the V2 vasopressin receptor. This is mimicked by a selec-
tive V2 agonist, dDAVP, in perfused terminal IMCDs [62]. Vasopressin binds 
to the IMCD cell V2 receptor in the basolateral plasma membrane, activates 
the heterotrimeric G protein Gαs, and results in an increased generation of 
cAMP by at least two adenylyl cyclase isoforms, III and VI [50, 57, 73, 83]. 
Rat, mouse, and human UT-A1 are stimulated by cAMP when expressed in 
Xenopus oocytes [1, 17, 59, 60]. One important downstream kinase activated 
by increased cAMP is PKA. A study by Zhang et al. [83] showed that the PKA 
inhibitor H89 significantly suppresses vasopressin-stimulated UT-A1 phospho-
rylation. 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 [2]. 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 vasopres-
sin stimulation [83].
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Though cyclic AMP is traditionally believed to act through PKA, a study by 
Fröhlich et al. [19] 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) [4, 26, 40, 44, 74]. There are two closely related Epac proteins, 
Epac1 and Epac2, and both have been detected in rat IMCDs [40, 44]. 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 accumulation in the plasma membrane [74]. Epac activates Rap1, a Ras-related 
small molecular weight G protein, which in turn signals through mitogen-activated 
protein kinase (MEK) and extracellular signal-related kinase (ERK). Inhibition of 
MEK 1/2 phosphorylation by U0126 decreased the forskolin-stimulated UT-A1 
phosphorylation [74]. Thus, as illustrated in Fig. 7.1, UT-A1 phosphorylation is 
stimulated by vasopressin in the IMCD through at least two cAMP-dependent sign-
aling pathways: PKA-dependent and Epac-MEK-dependent pathways.

Fig. 7.1  UT-A1 phosphorylation signaling pathways mediated by vasopressin: protein kinase 
A (PKA)-dependent and exchange protein activated by cAMP (Epac)-mitogen-activated protein 
kinase (MEK)-dependent pathways [74]
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UT-A1 Phosphorylation by PKA

The rat UT-A1 amino acid sequence contains multiple consensus PKA phosphoryla-
tion 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 [25] and later by 
Bansal [2] suggested several cAMP-PKA sites including Ser10, Ser62, Ser63, Ser84, 
Ser486, and Ser499. Among these sites, three are highly demonstrated by mass spec-
trometry to be regulated by vasopressin: Ser84, Ser486, and Ser499 [2]. Although the 
UT-A1 amino acid sequence possesses many potential PKA phosphorylation sites, 
including both serine and threonine residues, phosphoproteomic analysis [2, 25] 
only shows phosphorylation of serine residues. This is in agreement with an early 
observation by Zhang et al. [83] 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 
independent laboratories [2, 3, 25, 37]. Ser499 is highly evolutionary conserved 
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 
stimulate UT-A1 accumulation in the apical plasma membrane and urea transport, 
indicating that at least one of these serines must be phosphorylated [3]. The double 
mutant was unable to traffic to the plasma membrane, showing that phosphoryla-
tion of UT-A1 at these sites is critical to urea transport and trafficking [3]. A phos-
pho-specific antibody to Ser486 UT-A1 shows that Ser486-phosphorylated UT-A1 
is primarily expressed in the apical plasma membrane in rat IMCDs [37].

A third vasopressin-stimulated phosphorylation site in rat UT-A1 at Ser84 has 
been suggested by phosphoproteomic analysis [2, 25] and confirmed by Hwang 
et al. [31]. Ser84 is present in both UT-A1 and UT-A3. However, Ser84 is less 
conserved among species. In human UT-A1, 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 [2].

UT-A1 Phosphorylation by PKC and Other Kinases

It is well documented that urea permeability is regulated by vasopressin via cAMP-
dependent signaling pathways. The PKA activated by cAMP is the most impor-
tant kinase responsible for UT-A1 phosphorylation, particularly in the presence of 
vasopressin; 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 [20, 39, 58].  
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Interestingly, hypertonicity does not increase intracellular cAMP levels in the IMCD, 
but it does increase intracellular calcium [21]. Hypertonicity increases urea perme-
ability via changes in intracellular calcium, suggesting involvement of a calcium-
dependent protein kinase in the urea transport response [76]. Subsequent studies 
showed that hypertonicity mediates urea permeability through a calcium-dependent 
PKC signaling pathway independently of vasopressin [21, 38, 58, 75].

PKC is a family of serine/threonine-related protein kinases that play 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 
(PKCα, βI, βII, and λ); novel PKC isoforms (nPKCs) (PKCδ, ε, η, θ, µ); and atyp-
ical PKC isoforms (aPKCs) (PKCι/λ and ζ) [75]. Seven PKC isoforms are present 
in rat inner medulla, including PKC α, β, γ, δ, ε, θ, τ, and λ [76]. Consistent with 
putative PKC phosphorylation sites in UT-A1’s amino acid sequence, PKC does 
phosphorylate UT-A1 [38].

The role of PKC in UT-A1 phosphorylation and urea transport activity regu-
lation has been extensively investigated in PKCα knockout mice [38, 69, 75]. 
PKCα is a calcium-dependent PKC isoform and PKCα-deficient mice have a 
urine-concentrating defect [38, 79]. 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 
PKCα-deficient mice, hypertonicity fails to induce UT-A1 phosphorylation 
[38, 75]. Although there are a number of potential PKC phosphorylation sites in 
UT-A1, the exact sites phosphorylated by PKC have not been identified yet. Klein 
et al. [38] showed that in response to hypertonicity, UT-A1 phosphorylation was 
increased; however, phosphorylation at serine 486 was not increased, indicating 
that PKC does not phosphorylate UT-A1 at the same residue as PKA [38]. Further 
investigation is required to detail the exact PKC phosphorylation sites in UT-A1.

In addition to being phosphorylated by PKA and PKC, analysis of the UT-A1 
amino acid sequence reveals various other potential phosphorylation consensus 
sites, suggesting that UT-A1 may also be susceptible to other kinases. These phos-
phorylation recognition sites include: casein kinase I, II (CK1, CK2), GSK3, never 
in mitosis A (NimA)-related kinase (NEK) 2, phosphoinositide-3-OH-kinase-
related kinases (PIKKs), and phosphorylase kinase (PK). Proteomic studies by 
Knepper’s group identified over 200 serine/threonine protein kinases in native col-
lecting duct cells [2, 70]. Rinschen et al. [53] reported that vasopressin activates 
CaM kinase II in collecting duct cells.

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 
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phosphorylation, 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. Early studies by Zhang et al. in 2002 [83] 
showed that treatment of IMCD suspensions with the phosphatase inhibitors caly-
culin 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) [32]. Calcineurin activity is detected in the kid-
ney inner medulla. Ilori et al. [32] recently investigated the effect of calcineu-
rin 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 showed 
that incubation with the calcineurin inhibitor tacrolimus increases urea permeabil-
ity [32]. Interestingly, inhibition of calcineurin by tacrolimus showed an increase 
in UT-A1 phosphorylation at serine 486, while inhibition of PP1 and PP2A with 
calyculin increases total phosphorylated UT-A1 but does not increase Ser486-
phosphorylated UT-A1. These results suggest that UT-A1 might be dephos-
phorylated by multiple phosphatases (like PP2A and calcineurin) and that the 
PKA-mediated phosphorylation at serine 486 is dephosphorylated by calcineurin.

Ubiquitination of Urea Transporters

Protein degradation is an important mechanism by which cells control the lev-
els of cellular proteins. Eukaryotic cells contain two major proteolytic systems, 
the lysosome and the 26S proteasome systems, which mediate protein degrada-
tion. Membrane proteins are capable of being degraded by the proteasomal and/
or lysosomal pathways, depending on the type of ubiquitination (i.e., monoubiqui-
tin vs. polyubiquitin) and the state of the protein complex (e.g., phosphorylation). 
Different types of ubiquitin modification of proteins often yield different conse-
quences. Monoubiquitination, which chiefly occurs on the plasma membrane, 
often involves the trafficking and lysosomal degradation of membrane proteins. In 
contrast, polyubiquitinated proteins in the cytosol are usually targeted to the pro-
teasome for degradation. Evidence indicates that the ubiquitination process plays 
an important role in regulating renal transepithelial urea transport [11, 63, 65, 66].

UT-A1 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 [11, 63] showed that inhibition of ubiquitin-proteasome activity 
by MG132 or lactacystin decreases UT-A degradation and increases cell-surface 
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expression, with a concurrent rise in urea transport activity [11, 63]. Inhibition of 
the lysosome pathway, however, does not affect UT-A1 degradation [11]. These 
findings demonstrate that UT-A1 undergoes ubiqutination and is degraded through 
the proteasome but not the lysosomal proteolytic pathway. Stewart et al. [63] 
reported that inhibition of the ubiquitin-proteasome pathway also increased urea 
transport activity of mouse (m) UT-A2 and mUT-A3, heterologously expressed in 
MDCK cells, in a concentration-dependent manner [63], indicating that UT-A2 
and UT-A3 are regulated by the ubiquitin-proteasome pathway as well.

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 [3, 37, 83]. 
Interestingly, forskolin treatment also promotes UT-A1 ubiquitination in UT-A1-
MDCK cells [65]. In freshly isolated IMCD suspensions, extended vasopres-
sin treatment (4h) stimulates UT-A1 ubiquitination and protein degradation [66]. 
Pretreatment with the PKA inhibitor H89 significantly inhibits forskolin-induced 
UT-A1 ubiquitination [66]. 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 sign-
aling processes. This could be the general mechanism for many membrane protein 
ubiquitination processes, particularly for ligand-induced tyrosine kinase recep-
tor ubiquitination [29, 47, 71]. Upon epidermal growth factor (EGF) stimulation, 
the EGF receptor (EGFR) undergoes rapid dimerization, activation of its intrinsic 
tyrosine kinase activity, and autophosphorylation at multiple tyrosine sites within 
its cytoplasmic tail. Tyrosine phosphorylation then recruits ubiquitin ligase C-Cbl 
to EGFR and results in ubiquitination of EGFR. The ubiquitinated EGFR is then 
rapidly internalized and degraded [71]. In fact, early studies by Kim [36] and 
Terris [34] have noted that administering vasopressin to Brattleboro rats (which 
lack vasopressin) 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 promot-
ing UT-A1 ubiquitination 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 



116 G. Chen

much smaller size of ubiquitinated UT-A1 induced by forskolin treatment. This 
encouraged us to investigate whether forskolin-induced UT-A1 ubiquitination is 
different. We took the advantage of two specific ubiquitin antibodies for this study: 
FK1 recognizes only polyubiquitinated proteins, while FK2 detects both mon-
oubiquitinated and polyubiquitinated proteins [66]. Forskolin stimulation induces 
UT-A1 ubiquitination [65]. However, forskolin-induced UT-A1 ubiquitination is 
not detected by the FK1 antibody (which only recognizes polyubiquitin) but by 
the FK2 antibody (which recognizes both mono- and polyubiquitin). This indi-
cates 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 ubiq-
uitination [66]. In contrast, the two PKA phosphorylation sites do not influence 
UT-A1 ubiquitination caused by the proteasome inhibitor MG132 [66].

By isolating cell plasma membranes using a sucrose-gradient ultracentrifuga-
tion or by immune-labeling cell-surface UT-A1, we found that forskolin-induced 
UT-A1 monoubiquitination mainly occurs on the cell membrane [66]. Early stud-
ies [11, 63] showed that UT-A1 is ubiquitinated and degraded by the proteasome 
but not the lysosome proteolytic pathway. However, the proteasome inhibitor 
MG132 and lactacystin do not block forskolin-induced UT-A1 degradation; on 
the contrary, forskolin-induced UT-A1 degradation is prevented by the lysosome 
inhibitor chloroquine [66]. Double immunostaining of UT-A1 and a lysosomal 
marker confirms 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 
importance of ubiquitination in the endocytosis of various membrane proteins has 
been appreciated in recent years [13, 33, 45]. Both monoubiquitination and pol-
yubiquitination can serve as efficient internalization signals [13, 33, 45]. 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. [63] and by us 
[11], indicating that polyubiquitination affects UT-A1 membrane expression.

Although some membrane protein endocytosis is mediated by polyubiquitination 
or even in an ubiquitination independent manner [15, 72, 80], a body of evidence 
shows that monoubiquitin is an efficient signal for the internalization of membrane 
proteins such as GPCR, RTKs, hERG, and skAE1 [22, 49, 67, 68]. UT-A1 inter-
nalization occurs through both caveolae- and clathrin-coated pits (CCP) under non-
stimulated conditions [30]. Forskolin-induced UT-A1 monoubiquitination and its 
endocytosis are blocked by chlorpromazine, as well as K+ depletion, but not by fil-
ipin and nystatin [66]. This indicates that the monoubiquitination-induced UT-A1 
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internalization is predominantly through a clathrin-mediated route and is subse-
quently targeted 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 E1-ubiquitin intermediate; an E2, ubiquitin-conjugating enzyme, which 
is a ubiquitin carrier protein; and an E3, ubiquitin ligase, which transfers ubiquitin 
to a target protein [14]. UT-A1 has a consensus binding site (FxxxWxx[LIV]) in its 
intracellular loop for MDM2, a RING finger E3 ligase that ubiquitinates p53 and 
many other proteins [42]. 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-A1 ubiq-
uitination in an in vitro ubiquitination assay. Overexpression of MDM2 promotes 
UT-A1 ubiquitination and increases the degradation of UT-A1 protein in HEK 
293 cells (30). However, all of these data come from in vitro studies. It is not clear 
whether UT-A1 ubiquitination is mediated by MDM2 in tissue and whether other 
E3 ligases are also involved in UT-A1 ubiquitination. Another important 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 conju-
gation sites in UT-A1 have not yet been determined. Further studies are required 
to identify which lysines are ubiquitinated and whether mutation of these residues 
affects UT-A1 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 situ-
ations. Figure 7.2 illustrates UT-A1 ubiquitination, endocytosis, and protein degra-
dation under basal and stimulated conditions. UT-A1 has two endocytic pathways 
[30] and two protein degradation pathways [11, 63, 66]. The detailed regulatory 
mechanisms of how UT-A1 is routed to these two different endocytic pathways and 
the two different degradation systems could be very complicated; however, ubiquit-
ination could be a key regulator of UT-A1 sorting, trafficking, and protein turnover. 
The caveolin-mediated pathway is responsible for constitutive UT-A1 internaliza-
tion, whereas the clathrin-coated pit pathway may regulate UT-A1 endocytosis 
stimulated by vasopressin in vivo (by forskolin in vitro), and the latter pathway 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 polyubiquitinated and 
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targeted to the proteasome for degradation. Needless to say, both endocytic path-
ways, both ubiquitination processes, and both protein degradation systems are 
important and required for proper cell functions. They cooperate in concert to main-
tain the cell in perfect homeostasis under both normal and stimulated conditions.

Glycosylation of Urea Transporters

UT-A1 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 [5, 35]. These two forms are not caused by gene splicing but by 

Fig. 7.2  UT-A1 ubiquitination, internalization, and degradation. Under normal conditions, cyto-
solic UT-A1 (including misfolded UT-A1 from the ER) and constitutively internalized cell-sur-
face 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
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different degrees of posttranslational glycosylation. Both of the 97- and 117-kDa 
bands disappear and yield a single 88-kDa deglycosylated UT-A1 after deglyco-
sylation treatment by PNGase F [5].

It has been believed that the two glycoforms of UT-A1 are the mature glyco-
sylation forms, since they are both insensitive to endoglycosidase H treatment 
[5]. Experiments using differential centrifugation to fractionate inner medullary 
membranes also show that both the 97- and 117-kDa glycoforms of UT-A1 are 
expressed in the cell plasma membrane [5]. Furthermore, both of the two UT-A1 
glycoforms are phosphorylated in response to vasopressin stimulation [31, 37, 83]. 
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-A1 [10]. 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-A1. Therefore, the higher molecular mass form, the 117-kDa 
UT-A1, is a complex N-glycan with heavier glycosylation. The 97-kDa UT-A1 is 
a hybrid glycan form with low content of terminal N-acetylglucosamine (GlcNAc) 
residues but high content of mannose glycans (Fig. 7.3).

Interestingly, the relative protein abundance of the two forms varies under dif-
ferent conditions. The 117-kDa form increases dramatically in several states asso-
ciated with decreased urine concentration, such as streptozotocin (STZ)-induced 
diabetes mellitus (DM) [35], a low-protein diet [34], hypercalcemia [55], water 
diuresis [34], and furosemide administration [34]. A tubule perfusion study of ini-
tial 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 [52]. 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.

Role of Glycosylation in UT-A1 Membrane Expression  
and Protein Stability

N-Glycosylation is a key posttranslational modification and is required for the 
functional activity of many membrane transporters. N-Glycosylation can play an 

Fig. 7.3  Glycosylation 
analysis of 97- and 117-kDa 
UT-A1 by lectin pull-down 
assay. 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
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important 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 second 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 [9]. 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-A1 
lacking these two N-glycosylation sites had a delayed and significantly reduced 
maximal urea flux [9]. In many cases, N-linked glycosylation is critical for mem-
brane protein intracellular movement and its eventual delivery to the cell sur-
face. Indeed, most membrane proteins targeted to the plasma membrane possess 
N-linked glycosylation. Hendriks et al. [24] 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 glycosylation 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 [24]. 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 [9]. The prolonged residence may facilitate UT-A1 break-
down by the ER quality control mechanisms. Additionally, even when an ungly-
cosylated 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 [41]. Thus, by affecting UT-A1 trafficking to the plasma membrane 
and protein stability, glycosylation actively participates in the regulation of UT-A1 
function.

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 mem-
brane structure enriched in cholesterol and sphingolipids [61]. The activity of 
many membrane proteins can be modulated by its specific localization within dif-
ferent microdomains at the plasma membrane [12]. Being associated with lipid 
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rafts becomes an important regulatory mechanism for some proteins. Some mem-
brane protein (channel) activity is higher outside of lipid raft microdomains, as 
seen in TRPM8 [48]. However, NKCC1 is strongly activated when it is moved into 
lipid rafts [77].

Protein partitioning to membrane rafts occurs either via protein–protein inter-
actions or by a variety of posttranslational modifications, such as palmitoylation, 
myristoylation, acylation, or glycosylphosphatidylinositol modification [7, 23, 
46, 77]. Glycosylation serves as an important apical plasma-membrane traffick-
ing signal that has been well acknowledged [9, 24, 28]. The role for glycosylation 
as a lipid raft sorting signal has been appreciated in several reports. Xiong et al. 
[78] 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 par-
ticular importance in the control of membrane protein apical trafficking.

The UT-A1 urea transporter is associated with lipid rafts, both in stably 
expressing UT-A1-HEK-293 cells [16, 30] and in freshly isolated rat kidney 
IMCD suspensions [10, 30]. 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 trafficking to lipid rafts [10]. Interestingly, unlike in IMCD and 
HEK293 cells, UT-A1 in transfected MDCK cells has a much wider distribution, 
both in the lipid raft fractions and in the non-raft fractions. By using sugar-specific 
binding lectins, we compared UT-A1 trafficking to lipid raft versus non-raft sub-
domains and found that the UT-A1 in non-lipid rafts contains a higher amount of 
mannose, as detected by concanavalin A. In contrast, UT-A1 in lipid rafts is the 
mature N-acetylglucosamine-containing form, as detected by wheat germ agglu-
tinin. Differential N-glycosylation influences UT-A1 distribution in lipid rafts. 
The mature glycosylation acts as a targeting signal, facilitating UT-A1 traffick-
ing into membrane lipid raft subdomains. In polarized epithelial cells, lipid rafts 
are believed to be in the apical membrane [61]. Thus, association with lipid rafts 
mediated by glycosylation represents an important mechanism for UT-A1 target-
ing to the apical plasma membrane in polarized epithelial cells.

UT-A1 Glycosylation in Streptozotocin-Induced  
Diabetic Rats

Diabetes is a metabolic disease characterized by increased blood glucose. The 
 elevated glucose and its metabolic derivatives affect many aspects of cellular func-
tion 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 [35, 36]. In STZ-induced 
diabetic rats, which have uncontrolled type 1 DM, UT-A1 urea transporter pro-
tein abundance in the inner medullary (IM) tip was 55 % of control in 5-day dia-
betic rats but increased to 170, 220, and 280 % at 10, 14, and 20 days of DM, 
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respectively. Interestingly, the two glycosylated UT-A1 forms increase differen-
tially. Diabetes causes an increase in the 117-kDa rather than 97-kDa glycopro-
tein in both the IM tip and base [35]. 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 permeability in IMCDs 
in diabetic rats [35, 36].

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 sug-
ars, such as fucose, sialic acid, iduronic acid, xylose, etc. More recently, studies 
are examining the structural change of glycan sugars on UT-A1 [10, 64]. These 
new studies demonstrate that diabetes not only causes an increase of UT-A1 pro-
tein abundance, but also results in UT-A1 glycan changes, including an increase 
of sialic acid content [10]. Since sialic acid (N-acetylneuraminic acid) is a nega-
tively 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 proteins overall conformation, ligand binding, 
and galectin binding [8, 84]. We found that increased sialylation, reflecting gly-
can maturation, is linked to an increase in UT-A1 urea transport activity [43]. In 
addition, we found that the amount of fucose content in UT-A1 is increased and 
the glycan becomes more branched under diabetic conditions (unpublished obser-
vation). Future studies should investigate more deeply the structural features of 
UT-A1 N-glycosylation, particularly 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 gly-
can changes regulate UT-A1 apical membrane trafficking, lipid raft association, 
protein stability, and functional activity.
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Abstract UT-B represents the major urea transporter in erythrocytes, in addition 
to being expressed in kidney descending vasa recta, brain, spleen, ureter, bladder, 
and testis. Expression of urea transporter UT-B confers high urea permeability to 
mammalian erythrocytes. Erythrocyte membranes are also permeable to various 
urea analogues, suggesting common transport pathways for urea and structurally 
similar solutes. UT-B is highly permeable to urea and the chemical analogues for-
mamide, acetamide, methylurea, methylformamide, ammonium carbamate, and 
acrylamide, each with a Ps > 5.0 × 10−6 cm/s at 10 °C. The amides formamide, 
acetamide, acrylamide, and butyramide efficiently diffuse across lipid bilayers. 
The urea analogues dimethylurea, acryalmide, methylurea, thiourea, and meth-
ylformamide inhibit UT-B-mediated urea transport by >60 % by a pore-blocking 
mechanism. UT-B is also a water channel in erythrocytes and has a single-chan-
nel water permeability that is similar to aquaporin-1. Whether UT-B is an NH3 
channel still needs further study. Urea permeability (Purea) in erythrocytes differs 
between different mammals. Carnivores (dog, fox, cat) exhibit high Purea. In con-
trast, herbivores (cow, donkey, sheep) show much lower Purea. Erythrocyte Purea in 
human and pig (omnivores) was intermediate. Rodents and lagomorphs (mouse, 
rat, rabbit) have Purea intermediate between carnivores and omnivores. Birds that 
do not excrete urea and do not express UT-B in their erythrocytes have very low 
values. In contrast to Purea, water permeability is relatively similar in all mammals 
studied. This chapter will provide information about the transporter characteristics 
of UT-B.
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Urea Transport Mediated by Urea Transporters

Studies in the 1970s [13, 18] demonstrated the permeability of mammalian eryth-
rocyte membranes to urea and some other solutes. Presently, it is clear that UT-B 
is highly expressed in mammalian erythrocytes [4, 14] and represents the major 
urea transporter in erythrocytes [15, 20, 21]. Measurements comparing the prop-
erties of wild-type and UT-B-null erythrocytes provide evidence for UT-B as a 
transporter that selectively transports urea [21]. Humans lacking UT-B have low 
erythrocyte urea permeability. From the number of UT-B proteins per erythrocyte 
and the erythrocyte urea permeability, it was estimated that the UT-B turnover rate 
is 2–15 × 106 urea molecules/s [10, 16].

Urea is a polar, highly water soluble, and charge neutral molecule, with an oxy-
gen and two nitrogen atoms serving as hydrogen-bond acceptors, and two amino 
functional groups providing a total of four hydrogen bonds for donation. High 
polarity and water solubility necessitates a polar-hydrophilic pathway(s) for effi-
cient transmembrane transport through UT-B [24].

UT-B-mediated urea transport is strongly inhibited by urea analogues 
(Fig. 8.1). Urea flux was inhibited 98 % by dimethylurea, 93 % by acrylamide, 
87 % by methylurea, 72 % by thiourea, and 64 % by methylformamide. The ten-
fold greater erythrocyte binding affinity of thiourea compared to urea suggests a 
pore-blocking mechanism of inhibition. Inhibition of UT-B by all these solutes 
is reversible. Butyramide, acrylamide, acetamide, and formamide did not appre-
ciably inhibit urea permeability in erythrocytes. Phloretin significantly inhibits 
UT-B-mediated urea transport. However, phloretin also affects other membrane 
transporter proteins non-specifically [24].

Transport of Urea Analogues Is Mediated by UT-B

The mechanism of small solute transport in erythrocytes has been a subject of long-
standing interest [5, 12, 13]. It was previously reported that human erythrocytes 
are highly permeable to small non-electrolytes such as formamide and acetamide, 

Fig. 8.1  Chemical structures 
of urea analogues that are 
inhibitors of UT-B [24]
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implying the presence of a hydrophilic pathway(s) [13, 17]. The UT-B knockout 
mouse model makes it possible to determine transport rates of urea analogues [24]. 
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 pres-
ence of phloretin. UT-B-attributable Ps (solute permeability) for urea, formamide, 
acetamide, methylurea, methylformamide, ammonium carbamate, and acrylamide 
(Fig. 8.2) ranged from 0.5 to 3.2 × 10−5 cm/s. UT-B had a lower permeability to gly-
colamide, hydroxyurea, and carbohydrazide (Ps of 0.6–1.5 × 10−6 cm/s). Phloretin 
treatment did not reduce butyramide or isobutyramide permeabilities in both wild-
type and UT-B-null erythrocytes (Ps of 9 × 10−6 cm/s and 6 × 10−6 cm/s, respec-
tively), demonstrating that UT-B does not transport butyramide or isobutyramide. 
In contrast, UT-B conferred >70 % of total erythrocyte urea, formamide, acetamide, 
methylurea, hydroxyurea, and ammonium carbamate transport.

Measurements of solute permeabilities across UT-B-null erythrocytes showed 
that urea, methylurea, dimethylurea, hydroxyurea, and thiourea permeabilities were 
low (<8 × 10−7 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 perme-
abilities were strongly temperature dependent, ninefold, 11-fold, sevenfold, and sev-
enfold higher, respectively, at 37 °C compared to 10 °C. Transport of the amides 
formamide, acetamide, methylformamide, acrylamide, butyramide, and isobutyra-
mide was strongly temperature dependent, indicative of diffusion across the erythro-
cyte lipid bilayer.

UT-B-mediated transport requires at least one primary amide, i.e. carbonyl 
function, attached to a primary unsubstituted amino group. Indeed, UT-B medi-
ates efficient 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 

Fig. 8.2  Chemical structures of urea analogues that are transported by UT-B [24]
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decreases amide hydrogen-bond capacity and increases lipophilicity and molecu-
lar 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 oxy-
gen. In addition, molecular volumes and polar surface are as large or greater as 
in sulphur-containing compounds compared to their oxygen-containing counter-
parts. 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, isobutyra-
mide, 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 prefers to transport neutral, more hydrophilic, urea and primary amides that 
have more H-bonding capacity and selectively retard transport of lipophilic mole-
cules. Large analogues with less hydrogen-bonding capacity tend to have less per-
meability. 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 governed by H-bonding capacity, size, and the hydrophilic nature of solute. 
Since urea analogues such as thiourea and acetamide are similar to urea in struc-
ture, they were suggested to inhibit urea transport by interacting competitively at 
transport sites [2, 11].

Water Transport Mediated by Urea Transporters

By measuring osmotic water permeability in Xenopus oocytes expressing UTs, 
it was found that UT-B functions as an efficient water channel [22]. Quantitative 
measurement of single-channel osmotic water permeability (Pf) of UT-B gives a 
value of 1.4 cm3/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 HgCl2. These results indicate that UT-B functions as a urea/water chan-
nel utilizing a common aqueous pathway (Fig. 8.3).

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 temper-
ature 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 path-
way and is in agreement with the low activation energies found for several of the 
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aquaporin-type water channels. UT-B-mediated water and urea transports were 
each strongly inhibited by the urea analogue 1,3-dimethylthiourea and by phlo-
retin. Neither water nor urea transport was inhibited by HgCl2, a potent inhibitor 
of most aquaporin-type water channels. HgCl2, but not the urea transport inhibi-
tors, strongly inhibit water permeability in oocytes expressing water channel 
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 sub-
sequently confirmed by Sidoux-Walter et al. [19]. 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 expressed at non-physiological, high levels.

To quantify UT-B-mediated water transport, Yang et al. generated double 
knockout mice lacking UT-B and the major erythrocyte water channel AQP1 
[21]. 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 eryth-
rocytes from AQP1 null mice after UT-B inhibition by phloretin and in erythro-
cytes from UT-B null mice after inhibition of AQP1 by HgCl2. 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 substantially lower than expected for lipid-mediated water transport [9]. 
The experimental results also provide a molecular basis for the conclusion of Dix 
and Solomon [3], 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 8.4 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 

Fig. 8.3  Schematic diagram 
of UT-B as a urea/water 
channel utilizing a common 
aqueous pathway
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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 copies 
of UT-B and 200,000 copies of AQP1 [8] per mouse erythrocyte plasma membrane, 
then there is ~1 UT-B molecule per 14 AQP1 molecules. Yang and Verkman [23] 
showed that AQP1 contributes 13 times more than UT-B to erythrocyte water perme-
ability. Thus, the single-channel (per molecule) water permeability of UT-B in erythro-
cytes is very similar to that of AQP1 (7.5 × 10−14 cm3/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 × 106 molecules/s) [10], as high as that of ion channels and >2–3 orders of mag-
nitude 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 [1]. Geyer et al. [6] 
also confirmed that human UT-B is a water channel in Xenopus oocytes.

Ammonia Transport Mediated by Urea Transporters

Geyer et al. explored the NH3 permeability of human UT-B expressed in Xenopus 
oocytes [6]. They monitored gas permeability using microelectrodes to record the 
maximum transient change in surface pH (ΔpHS) caused by exposing oocytes to 

Fig. 8.4  Schematic diagram of relative contributions of AQP1, UT-B, and the lipid bilayer to 
erythrocyte water and urea permeability (reproduced from [23])
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5 % CO2/33 mM HCO3
− (pHS increase) or 0.5 mM NH3/NH4

+ (pHS decrease). 
UT-B expression had no effect on the CO2-induced ΔpHS but doubled the NH3-
induced ΔpHS. Phloretin reduced UT-B-dependent (−ΔpHS*) NH3 by 70 %. 
p-Chloromercuribenzenesulphonate (pCMBS) reduced (ΔpHS*) NH3 by 100 %. 
Molecular dynamics (MD) simulations of membrane-embedded models of UT-B 
identified the monomeric UT-B pores as the main conduction pathway for NH3. 
These data suggest that UT-B has significant NH3 permeability.

However, a subsequent study showed that UT-B seems not to be involved in 
NH3 transport in human erythrocytes, although the erythrocyte variants used in the 
same study gave evidence of water permeation through UT-B [1]. 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 NH3 unit perme-
ability of UT-B. Thus, the permeability of UT-B to NH3 needs further studies.

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 Purea of erythrocytes dif-
fers greatly among species. Erythrocytes from dog exhibited the highest Purea 
(5.3 × 10−5 cm/s), followed by that from fox (3.8 × 10−5 cm/s) > mouse 
(3.3 × 10−5 cm/s) > cat (2.8 × 10−5 cm/s) > rat (2.5 × 10−5 cm/s) > rabbit 
(2.4 × 10−5 cm/s) > pig (1.5 × 10−5 cm/s) > human (1.1 × 10−5 cm/s) > sheep 
(1.0 × 10−5 cm/s) > cow (0.8 × 10−5 cm/s) > donkey (0.7 × 10−5 cm/s). The 
range of variation of Purea among species spans more than a 7.5-fold difference 
between the donkey and the dog. Purea was significantly inhibited by 0.7 mM phlo-
retin 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 × 10−3 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 
species tested.

Cell membrane urea permeability resulting from simple diffusion across the 
lipid bilayer is strongly temperature dependent, contrary to that occurring through 
facilitated transporters. Comparing Purea 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, Purea was high at all three 
temperatures, and only weakly temperature dependent. In contrast, there was a 
stronger influence of temperature on Purea in cow, donkey, sheep, human, pig, and 
rabbit. The high activation energy (Ea) of urea transport in herbivores and omni-
vores suggests that most of the urea transported through the erythrocyte membrane 
moves through the lipid bilayer by simple diffusion, with only a moderate amount 
of urea transported through UT-B. In contrast, in three carnivores and two rodents, 
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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 Ea and Purea. Only the rabbit departs somewhat from the general 
trend. It exhibits the same Purea as that of the rat and mouse while its Ea is similar 
to that of the other herbivores. The urea flux through UT-B in the rabbit is prob-
ably much smaller than the UT-B-mediated urea flux in rat and mouse.

The urea and water (Pf) permeabilities were also measured in erythrocytes from 
5 species of birds. In goose, duck, pigeon, and quail, Purea ranged from 0.04 to 
0.07 × 10−5 cm/s, i.e. 10–20-fold lower than in mammals. In chicken, the value 
of Purea was not available due to Pf (0.05 × 10−3 cm/s) is too low to measure urea 
flux-driven volume change in erythrocytes with 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 × 10−3 cm/s).

The urea permeability of erythrocytes in mammals is obviously related to 
their ability to concentrate urea. The high Purea allows fast equilibration of urea in 
erythrocytes 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 
shrinkage when exposed to the high urea concentration of the inner medulla, 
where their membrane is not also highly permeable to urea. They would shrink 
during their transit in the hyperosmotic medulla and subsequently swell on leav-
ing the medulla if they did not possess a high urea permeability [9]. Birds, which 
concentrate urine to some extent (up to 2.5 times more than plasma in the quail) 
but excrete their nitrogen wastes as uric acid rather than as urea, do not exhibit 
facilitated urea transport in their erythrocytes and show a very low Purea, as already 
described in the literature [7, 9], and as shown in five different birds [24].
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Abstract Urea transporter gene knockout mice have been created for the study of the 
urine-concentrating mechanism. The major findings in studies of the renal phenotype 
of these mice are as follows: (1) Urea accumulation in the inner medullary interstitium 
is dependent on intrarenal urea recycling mediated by urea transporters; (2) urea trans-
porters are essential for preventing urea-induced osmotic diuresis and thus for water 
conservation; (3) NaCl concentration in the inner medullary interstitium is not signifi-
cantly affected by the absence of IMCD, descending limb of Henle and descending 
vasa recta urea transporters. Studies in urea transporter knockout mouse models have 
highlighted the essential role of urea for producing maximally concentrated urine.

Keywords Urea transporters · Urea · Knockout mouse · Urine-concentrating 
mechanism · Intrarenal urea recycling

Introduction

Over 70 years ago, Gamble and colleagues proposed that the kidney possesses 
specialized mechanisms that allow large amounts of urea to be excreted without 
obligating water excretion [19]. Shannon et al. built on these observations and 
demonstrated that the rate of urea excretion by the kidney is determined by its 
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rate of filtration and its tubular reabsorption [45, 46]. Further functional studies of 
urea transport mechanisms have highlighted that urea reabsorption occurs by two 
distinct mechanisms: a constitutive process that occurs in the proximal nephron 
accounting for reabsorption of 40 % of the filtered load of urea and a regulated 
process in the distal nephron that is dependent on the level of antidiuresis [45, 46]. 
Although the cortical collecting ducts have a low urea permeability [20], the ter-
minal IMCD possesses an extremely high urea permeability that increases after 
vasopressin (AVP) exposure [41, 42]. Furthermore, the urea transport process in 
the IMCD is saturable [9, 10]. Based on these functional studies, almost 20 years 
ago, the first urea transport protein was isolated and characterized [59].

Two urea transporter genes have been cloned: UT-A (Slc14a2) and UT-B 
(Slc14a1) [33, 35], Fenton et al. [14]. Slc14a2 encodes several mRNA tran-
scripts via the use of alternative splicing and alternative promoters, and several of 
these have been isolated as cDNA and characterized (see other sections and [14, 
17, 16, 37, 47, 48]. UT-A1 is expressed in IMCD cells [36], Fenton et al. [14]) 
(Fig. 9.1), and its transport activity is acutely regulated by AVP [18]. UT-A2 is 
localized to the lower portions of the thin descending limbs (TDL) of short loops 
of Henle in the inner stripe of the outer medulla [14, 17, 55] and under prolonged 
antidiuretic conditions in TDL of long loops of Henle in the inner medulla [55]. 
UT-A2-mediated urea transport can be acutely regulated by cAMP [38]. UT-A3 
expression is restricted to the basolateral membrane domains of the terminal 
IMCD [8, 50], and its mRNA abundance increases with chronic AVP stimulation 
[14, 17]. The Slc14a1 gene encodes a protein, UT-B, that is expressed in descend-
ing vasa recta [57]. The data from studies of UT gene knockout mouse models 
suggest that UTs play important roles in intrarenal urea recycling (Fig. 9.1).

UT-A1 and UT-A3 Knockout Mice

Generation of UT-A1/3−/− Mice

In 2004, a mouse model that allowed a specific assessment of the role of inner med-
ullary urea transport in kidney function was generated [13]. UT-A1/UT-A3 knockout 
mice (termed UT-A1/3−/− mice from this point) were produced by standard gene-
targeting techniques by deletion of 3 kb of the UT-A gene containing a single 148-bp 
exon, exon 10. Exon 10 is predicted to lie in a large hydrophobic region of UT-A1 
and is putatively membrane spanning [40]. Due to the complex differential splicing 
of the UT-A gene (see earlier chapter), deletion of exon 10 would be predicted to 
completely disrupt the UT-A1 and UT-A3 proteins, but also delete a testis-specific 
isoform UT-A5 [14, 17]. Successful deletion of the UT-A1 and UT-A3 urea trans-
porters from the IMCD was confirmed using immunohistochemistry and immuno-
blotting. Importantly, the expression of the thin descending limb urea transporter 
UT-A2 was unaffected. A functional assessment of UT-A1/3−/− mice using isolated 
perfused tubules highlighted a complete absence of phloretin-sensitive and AVP-
regulated urea transport in IMCD segments (Fig. 9.2).
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Phenotype of UT-A1/3−/− Mice

Compared to wild-type mice, UT-A1/3−/− mice have no apparent differences in 
appearance, body weight, behavior, sensory function, or physical attributes. A 
comprehensive pathological and histological survey of different tissues isolated 
from UT-A1/3−/− mice determined that apart from kidneys and testis, no abnor-
malities were detectable [15]. The kidneys of knockout mice were significantly 
smaller and the testes significantly larger compared to controls. An unexpected 

Fig. 9.1  Schematic diagram of intrarenal urea recycling pathways and UT localization. A short 
loop and a long loop of Henle are depicted within the four kidney zones, along with an arte-
rial (descending) and a venous (ascending) vasa recta (DVR and AVR, respectively). UT-B is 
expressed in DVR, UT-A2 in descending limb of loops of Henle, and UT-A1, UT-A3, and pos-
sibly UT-A4 in inner medullary collecting ducts. The pathways allowing urea to recycle are indi-
cated by blue arrows. In normal mice, concentrated urea is delivered to the tip of the papilla by 
the terminal part of the collecting ducts expressing the vasopressin-regulated urea transporters 
UT-A1/3. Urea is taken up by ascending blood (plasma and red blood cells) in AVR, and a signif-
icant fraction of it is returned to the inner medulla by being reintroduced in the DVR (expressing 
UT-B). Reproduced from [32]
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phenotype of UT-A1/3−/− mice was prominent blood congestion in the renal 
medulla of the kidneys, but with no significant difference in total renal blood flow. 
Excretion of nitrates and nitrites (products of nitric oxide metabolism) was mark-
edly increased in the UT-A1/3−/− mice relative to controls, which may partly be 
responsible for the observed blood congestion.

Role of Collecting Duct Urea Transport in the Urinary 
Concentrating Mechanism

A proportion of our fundamental understanding of urea transporters in the uri-
nary concentrating mechanism is based on a model of urea handling proposed 
by Robert Berliner [7]. During antidiuresis, water is osmotically absorbed from 
the urea-impermeable parts of the collecting ducts via aquaporins, resulting in a 

Fig. 9.2  Schematic diagram of intrarenal urea flows in UT-A1/3−/− mice. The urea flows are 
indicated by blue arrows. In UT-A1/3−/− mice, dramatically less urea is reabsorbed in the 
papilla, leading to greater urea excretion in the urine
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progressive increase in the luminal urea concentration along the collecting duct 
system. When this fluid reaches the urea-permeable IMCD, urea exits from the 
tubule lumen to the interstitium and is trapped by countercurrent exchange [6, 23]. 
In the presence of AVP, urea concentrations in the interstitium nearly equilibrate 
across the IMCD epithelium, which allows an almost complete osmotic balance 
between the collecting duct lumen and the interstitium. This process prevents 
osmotic diuresis due to urea. To directly examine this hypothesis, the urinary 
concentrating ability of UT-A1/3−/− mice on different amounts of dietary protein 
intake was examined [13, 15]. UT-A1/3−/− mice fed either a normal (20 % pro-
tein by weight) or high-protein (40 %) diet had a significantly greater water intake, 
urine flow, and reduced urine osmolality compared to controls. UT-A1/3−/− mice 
fed a low-protein diet (4 % protein) did not show these differences compared to 
wild-type mice. After an 18-h water restriction, UT-A1/3−/− mice on a normal 
or high-protein diet were unable to reduce their urine flow to levels below those 
observed under basal conditions, resulting in volume depletion and loss of body 
weight. UT-A1/3−/− mice on a 4 % protein diet were able to maintain fluid bal-
ance without alterations in body weight. These studies provide direct evidence that 
the concentrating defect in UT-A1/3−/− mice is due to a urea-dependent osmotic 
diuresis. During consumption of low-protein diets, hepatic urea production is low 
and urea delivery to the IMCD is low, rendering the absence or presence of IMCD 
urea transport immaterial with regard to water balance, i.e., greater urea delivery 
to the IMCD results in greater water excretion. In conclusion, the results are con-
sistent with a role for IMCD urea transporters in the maintenance of water balance 
through their ability to prevent a urea-induced osmotic diuresis.

Role of Collecting Duct Urea Transport in NaCl 
Accumulation in the Inner Medulla

In 1959, the widely accepted classical countercurrent multiplier model was proposed 
by Kuhn and Ramel [30]. They proposed that the concentration gradient that drives 
the countercurrent multiplier system in the outer medulla and concentrates interstitial 
NaCl relies on active reabsorption of NaCl in the water-impermeable thick ascend-
ing limb of the loop of Henle (TAL). In contrast, the mechanism that concentrates 
NaCl in the inner medullary interstitium and contributes to passive water reabsorption 
from the IMCD remains controversial. As the thin ascending limbs of Henle’s loop, 
unlike the TAL, are incapable of active NaCl transport [22, 28], a variety of mech-
anisms have been suggested to explain NaCl accumulation in the inner medulla [24, 
25, 51]. The most widely recognized accepted model is the “passive” mechanism of 
NaCl accumulation [26]; Kokko and Rector [27, 49], proposed in similar formats by 
both Kokko and Rector and Stephenson. In this model, rapid urea reabsorption from 
the IMCD generates and maintains a high urea concentration in the inner medullary 
interstitium, resulting in a transepithelial gradient favoring the passive reabsorption 
of NaCl from the thin ascending limb of Henle’s loop. With a low urea permeability 
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in the thin ascending limbs, any reabsorbed NaCl from the thin ascending limb will 
not be replaced by urea, making the ascending limb fluid dilute relative to the fluid in 
other nephron segments and generating a “single effect” analogous to that in the outer 
medulla. Counterflow between the ascending and descending limbs of Henle’s loops 
will multiply this single effect, with the end effect similar to countercurrent multipli-
cation in the outer medulla TALs. Since the passive mechanism relies on rapid urea 
transport out of the IMCD lumen, it would be expected that the lack of urea transport 
in the IMCDs of UT-A1/3−/− mice would impair the ability to concentrate NaCl in 
the inner medulla. However, experimental studies were unable to prove this hypothesis 
correct. In an initial study, in water-restricted UT-A1/3−/− mice, there was a signifi-
cantly reduced concentration of urea in the inner medullary interstitium compared to 
controls [13], but no reduction in the mean Na+, Cl−, or K+ concentrations. In a sec-
ond study, urea and Na+ concentrations and osmolality were measured in the cortex, 
outer medulla, and the inner medulla isolated from UT-A1/3−/− or wild-type mice fed 
a low- (4 %) or high (40 %)-protein diet [15]. Although increasing the dietary protein 
intake resulted in a greater tissue osmolality, due predominantly to a greater accumula-
tion of urea in the inner medulla in wild-type mice, sodium concentrations were unaf-
fected at all levels of the corticomedullary axis. UT-A1/3−/− mice had a substantially 
attenuated corticomedullary osmolality gradient and no urea gradient on either diet, yet 
the corticomedullary sodium gradients were almost identical to wild-type mice. The 
conclusion from these studies in UT-A1/3−/− mice is that NaCl accumulation in the 
inner medulla is not reliant on either IMCD urea transport or the accumulation of urea 
in the IMCD interstitium, contradicting the passive concentrating model in the form 
originally proposed.

An Economy of Water in Renal Function Referable to Urea

A hypothesis regarding urea and renal function was described nearly 75 years ago 
as “an economy of water in renal function referable to urea” or the “Gamble phe-
nomenon” [19]. Gamble determined that the water requirement for excretion of 
urea was less than for excretion of an osmotically equivalent amount of NaCl and 
that less water was required for the excretion of urea and NaCl together than the 
water needed to excrete an osmotically equivalent amount of either urea or NaCl 
alone. These results suggested a specialized role of IMCD urea transporters, which 
was directly tested using UT-A1/3−/− mice [12]. Both elements of the Gamble 
phenomenon were absent in UT-A1/3−/− mice. Giving wild-type mice progres-
sively increasing quantities of urea or NaCl in the diet induced osmotic diuresis 
when excretion levels were high (6,000 μosmol/day for urea; 3,500 μosmol/day 
for NaCl). Interestingly, mice were unable to increase urinary NaCl concentrations 
above 420 mM. Thus, one aspect of the Gamble phenomenon derives from an abil-
ity of both urea and NaCl excretions to be saturable, presumably a result of an 
exceeded reabsorptive capacity for urea and NaCl in the renal tubule. Additionally, 
conservation of water with mixtures of NaCl and urea versus NaCl or urea alone 
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occurs by lowering the concentration of each to levels that avoid osmotic diuresis, 
rather than a specific interaction between urea transport and NaCl transport at an 
epithelial level.

Role of IMCD Urea Transporters in the Regulation  
of Glomerular Filtration Rate

High-protein diet consumption results in an increase in whole kidney glomerular 
filtration rate (GFR) [11, 34], potentially a result of changes in the tubuloglomeru-
lar feedback (TGF) system [43]. Feeding a high-protein diet to rats increases GFR 
by approximately 30 % and increases single-nephron GFR (SNGFR) in the distal 
tubule by 20 %, due to reduced suppression of SNGFR by TG feedback [43]. Based 
on these studies, it was apparent that the sensing mechanism of the TG feedback 
system was rendered less responsive by a high protein intake. This diminished TGF 
response was caused, at least in part, by a reduced early distal NaCl concentration, 
without a change in early distal tubule osmolality [44]. These observations prompted 
Bankir et al. [2, 3] to suggest that the increased concentrations of urea in the early 
distal tubule resulting from the high-protein intake allowed the concentration of 
NaCl to be lower in the early distal tubule, without rendering an osmotic effect. 
This increased urea concentration in the late TAL and early distal tubule would be 
dependent both on the urea concentration of the glomerular filtrate and on the extent 
of urea recycling, a result of passive urea secretion into the loop of Henle from urea 
reabsorption in the IMCD. This hypothesis was directly tested in UT-A1/3−/− mice, 
where urea recycling is likely to be eliminated (Fig. 9.2). However, no significant 
differences were observed in FITC-inulin clearance between UT-A1/3−/− and wild-
type mice under either a low- or a high-protein diet, suggesting that GFR in the 
knockout mice is not significantly affected. Therefore, these studies indicate that 
urea reabsorption from the IMCD, and more specifically the process of urea recy-
cling, is not an important determinant of protein-induced increases in GFR.

UT-A2 Knockout Mice

Urea transporter UT-A2 is a major urea transporter of the thin descending limb of 
the loop of Henle in short-looped nephrons [1, 14, 17, 47, 59] (Fig. 9.1). To inves-
tigate the physiological role of UT-A2 in vivo, Uchida et al. generated UT-A2-
selective knockout mice by deleting 3 kb of the mouse UT-A2 promoter by gene 
targeting [54]. Deletion of this segment selectively disrupted expression of UT-A2 
(Fig. 9.3), while sparing the expression of other kidney UT-A transporters. UT-A2 
null mice exhibited normal growth and no physiological abnormalities. Under 
basal conditions (free access to food and water), plasma urea, sodium, and chlo-
ride concentrations were not changed in UT-A2 null mice.
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The daily urine output and urine osmolality were similar in UT-A2 null mice 
and wild-type mice. It was found that UT-A2 null mice had only a mild deficit 
in urine-concentrating ability in the context of limited urea supply to the kidney 
due to consumption of a low-protein diet (4 % protein). The study on UT-A2 
null mice suggests that UT-A2 makes a minimal contribution to urea accumula-
tion in the inner medulla under basal conditions. UT-A2 might play a role in 
maintaining a high urea concentration within the inner medulla, with inadequate 
daily protein intake.

UT-B Knockout Mice

Generation and General Phenotype of UT-B Knockout Mice

UT-B is expressed in endothelia of renal descending vasa recta [21, 52, 53, 56] 
(Fig. 9.1). UT-B knockout mice were generated by a gene-targeting strategy [57] 

Fig. 9.3  Schematic diagram of intrarenal urea flows in UT-A2−/− mice. The urea flows are indi-
cated by blue arrows. In UT-A2−/− mice, there is no urea permeability in short and long loops of 
Henle. A complete intrarenal urea recycling pathway exists in UT-A2−/− mice
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that resulted in only truncated UT-B transcripts and no UT-B protein in kidney in 
the UT-B knockout mice (Fig. 9.4).

UT-B null mice exhibited normal growth and no overt abnormalities in their 
main biological functions, behavior, and sensory activity. The sex and genotype 
ratios were normally distributed, suggesting no influence of UT-B gene deletion on 
survival or development. The UT-B null mice had normal plasma sodium, potas-
sium, chloride, bicarbonate, and creatinine concentrations.

Role of Descending Vasa Recta Urea Transport in the 
Urinary Concentrating Mechanism

The UT-B null mice were moderately polyuric, consuming and excreting approximately 
50 % more fluid than litter-matched heterozygous and wild-type mice. The average 
urine osmolality in UT-B null mice was significantly lower than that in wild-type mice.

Fig. 9.4  Schematic diagram of intrarenal urea flows in UT-B−/− mice. The urea flows are 
indicated by blue arrows. In UT-B−/− mice, there is no urea permeability in descending vasa 
recta (DVR). More urea is taken up by ascending vasa recta (AVR) into circulation, and less 
urea is returned to the IM by DVR (without UT-B) in UT-B−/− mice than in wild-type mice. 
Reproduced from [32]
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In response to a 24-h water deprivation, urine osmolality in the UT-B null mice 
increased significantly, although to a significantly lesser extent than in wild-type 
mice. Plasma osmolality was slightly but not significantly higher in UT-B null 
mice than in wild-type mice. The urine-to-plasma ratio for osmolality, an index 
of overall concentrating capacity of the kidney, was lower by one-third in UT-B 
null mice compared with wild-type mice. Plasma urea concentration was signifi-
cantly higher, and urinary urea concentration was significantly lower in the UT-B 
null mice. These opposing changes suggest that plasma urea increased because the 
kidney was less able to recycle urea and concentrate urea in the urine. The urine-
to-plasma ratio of urea concentration reflects the capacity of the kidney to con-
centrate urea above its level in body fluids. This ratio was markedly decreased in 
UT-B null mice. The composition of the aqueous component of the inner medulla 
suggests that the significantly reduced inner medullary osmolality resulted primar-
ily from a decrease in inner medulla urea concentration.

The kidney transforms large amounts of urea-poor plasma into a small volume 
of urea-rich urine. Thus, besides the overall urinary concentrating defect in UT-B 
null mice, we investigated the possibility of a selective defect in urea-concentrat-
ing capacity by measurement of the urine-to-plasma urea concentration ratio and 
inner medullary composition. UT-B deficiency in the kidney resulted in decreased 
urinary urea and increased plasma urea concentrations, producing a 2-fold 
decrease in the urine-to-plasma urea concentration ratio.

UT-B deficiency also produced a 2-fold reduction in inner medullary urea con-
centration with little effect on inner medullary chloride (salt) concentration. These 
observations suggest that some of the urea delivered to the tip of the papilla from 
the IMCD by UT-A1/UT-A3 and carried up by the blood through the venous 
ascending vasa recta is not recycled into UT-B-deficient arterial descending vasa 
recta and thus is returned to the general circulation (Fig. 9.4). In contrast to the 
remarkably reduced urea-concentrating ability in the UT-B null mice, the defect in 
the concentration of all solutes as assessed by the urine-to-plasma osmolality ratio 
(lower by only one-third) was more modest, suggesting that UT-B plays a greater 
role in enabling the kidney to concentrate urea than other solutes in the urine. The 
selective reduction in inner medullary urea concentration supports this conclusion.

UT-A2/B Knockout Mice

Generation of UT-A2 and UT-B Double Knockout Mice

UT-A2 and UT-B are expressed in the thin descending limb of the loop of Henle 
and descending vasa recta, respectively [39] (Fig. 9.1). UT-B deletion alone caused 
a significant urea-selective urine-concentrating defect [57], but UT-A2 deletion 
alone did not significantly change urine-concentrating ability [54]. To further evalu-
ate the contribution of UT-A2 and UT-B to the urine-concentrating mechanism and 
their possible interaction, it was necessary to generate a mouse model in which urea 
recycling through both the vasa recta and the thin limbs would be impaired, with 
the maintenance of normal urea delivery to the inner medulla (via UT-A1/A3). For 
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this purpose, a double UT-A2 and UT-B knockout mice (UT-A2/B−/−) were gener-
ated with gene targeting of UT-A2 in UT-B gene-targeted ES cells [32]. There was 
no specific UT-A2 and UT-B expression in TDL and descending vasa recta, respec-
tively, in homozygous UT-A2/B−/− mice (Fig. 9.5). Body weight and kidney weight 
were not influenced by combined UT-A2 and UT-B deletions.

UT-A2 Deletion Partially Remedies the Urine-Concentrating 
Defect Caused by UT-B Deletion

Daily urine volume in UT-A2/B−/− mice significantly exceeded that in litter-
matched wild-type mice but was distinctly lower than that in UT-B knockout mice. 
Urine osmolality in UT-A2/B−/− mice was lower than that in wild-type mice, but 

Fig. 9.5  Schematic diagram of intrarenal urea flows in UT-A2/B−/− mice. The urea flows are 
indicated by blue arrows. In UT-A2/B−/− mice, there is no urea permeability in short and long 
loops of Henle and in descending vasa recta (DVR). The intrarenal urea recycling pathway is 
deficient in UT-A2/B−/− mice. Less urea is taken up by the ascending vasa recta (AVR) and 
returned to the blood in UT-A2/B−/− mice than in UT-B−/− mice, and less urea is returned to the 
inner medulla in UT-A2/B−/− mice than in wild-type mice. Reproduced from [32]
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significantly exceeded that in UT-B null mice. In response to an 18-h water depriva-
tion, urine osmolality increased by 50 ~ 60 % in all three genotypes, reaching 2,900, 
2,000, and 3,300 mosmol/kg H2O in UT-A2/B−/−, UT-B null, and wild-type mice, 
respectively. Plasma osmolality was similar in mice of all three genotypes. However, 
both plasma urea concentration and urinary urea concentration in UT-A2/B−/− mice 
were between those in UT-B null and wild-type mice. The urine-to-plasma ratio of 
urea concentration in UT-A2/B−/− was also intermediate. In contrast, there was no 
significant difference in sodium, potassium, and chloride concentrations among the 
three genotypes. Plasma creatinine and creatinine clearance (an index of glomerular 
filtration rate) were similar in the three groups, suggesting that UT-A2 and UT-B 
deletions do not influence glomerular hemodynamics. The inner medullary urea con-
centration in UT-A2/B−/− was between those in wild-type and UT-B null mice.

UT-A2 Plays a Role in the Long-Term Accumulation of Urea 
in the Inner Medulla

To evaluate the contribution of UT-A2 to the urea-dependent enhancement of urine-
concentrating capacity, UT-A2/B−/−, UT-B null, and wild-type mice were subjected 
to an acute modest hyperosmotic urea load (0.3 ml of 1 M urea ip, an amount equal to 
1/10 of their daily urea excretion). After administration of the urea load, urea excretion 
increased abruptly during the first 2 h in all three groups and decreased progressively 
thereafter, with a similar time course and intensity in mice of the three genotypes. 
However, this increase resulted from a very different pattern of changes in urine con-
centration and urine flow rate in UT-A2/B−/−, UT-B null, and wild-type mice.

During the early phase (0–4 h), urine osmolality rose more in UT-A2/B−/− than 
in UT-B null mice, and urine flow rate rose only modestly, as in wild-type mice. In 
contrast, UT-B null mice exhibited a much higher increase in urine flow rate. During 
the late phase (6–10 h), neither the UT-A2/B−/− mice nor the UT-B null mice were 
able to raise urea concentration in the urine, contrary to wild-type mice. Thus, even if 
UT-A2 deletion on top of UT-B deletion restored a close-to-normal urine osmolality 
and flow rate in the 24-h urine collection, UT-A2 deletion did not allow the kidney to 
progressively accumulate urea in the medulla after an acute urea load. This suggests 
that UT-A2 plays a role in the long-term accumulation of urea in the inner medulla.

In the early phase, the large rise in urine flow rate seen in UT-B null mice drove 
an increase in the excretion of urea and nonurea solutes that was greater than in the 
two other mouse models. This was followed by a fall in the excretion of nonurea 
solutes in the late phase for UT-B knockout mice. In contrast, during this late phase, 
the concentration of nonurea solutes rose continuously in UT-A2/B−/− mice so that 
the excretion of these solutes remained stable and similar to that in wild-type mice.

After the urea load, plasma urea rose promptly, reached a peak at 30 min in all 
groups, and then returned to almost basal values after 8 h. The magnitude of the 
rise from basal to peak level was different in the three groups. Plasma urea con-
centration in UT-B null mice was the highest compared with UT-A2/B−/− mice 
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and wild-type mice. However, the plasma creatinine level was similar in the three 
groups, suggesting that the GFR was roughly similar in all genotypes in the basal 
condition and after the urea load. Taken together, these results suggest that in wild-
type mice, UT-B (in vasa recta) and UT-A2 (in thin limbs) contribute to the intra-
renal cycling of urea and to the generation of concentrated urine in different ways 
because the deletion of one or both of the transporters induced opposite changes.

To explain the milder urine-concentrating defect induced by the deletion of 
UT-A2 on top of UT-B, we postulate that when UT-A2 is normally expressed 
in the TDL, a significant amount of urea is added to the descending vasa recta, 
i.e., that urea is reabsorbed rather than secreted (as previously assumed) through 
UT-A2. In rats, and even more so in mice, TDL of short-looped nephrons are in 
close proximity to AVR in the vascular bundles throughout the inner stripe of the 
outer medulla [29]. A passive diffusion of urea from TDL to AVR could take place 
only if there is an outward-directed urea concentration gradient across the TDL 
epithelium (Fig. 9.1). Such a gradient can be generated by an active urea secretion 
into the pars recta, as previously proposed [5, 58]. Urea secretion has been postu-
lated recently because of the high fractional excretion of urea observed in wild-
type mice [13, 58].

The defect in the urine-concentrating ability of UT-B null mice is most likely 
due to the dramatic reduction in countercurrent exchange of urea from ascending 
to DVR [4, 58]. The impaired vascular countercurrent exchange compromises urea 
delivery to the inner medulla via the DVR, augments the lag in the vascular urea 
concentration and osmolality of the interstitial fluid, and increases vascular flow in 
the deep inner medulla, thus resulting in a decrease in urine osmolality. This inter-
pretation is consistent with simulation results in a modeling study [31].

The simultaneous deletion of both the vasa recta and the TDL urea transport-
ers resulted in a significantly milder defect than the deletion of either urea trans-
porter alone. In the UT-A2/B−/− mice, substantially less urea is reabsorbed from 
the short TDL in the inner stripe, compared with wild-type or UT-B null mice. 
Instead, that urea is delivered, via the ascending limb and distal tubule, into the 
collecting duct and returned to the inner medulla. Taken together, these results 
suggest a novel role for UT-A2 in the concentrating mechanism. UT-A2 might 
contribute to the accumulation of urea in the inner medulla during transition from 
diuresis to antidiuresis rather than to maintenance of a high urea concentration 
during steady state.

Conclusions

The creation of urea transporter knockout mice has allowed us to address several 
long-standing hypotheses for the role of urea in kidney function and as such rede-
fined the role of urea in the urinary concentrating mechanism. Whether studies of 
urea transport processes in the mouse kidney can be directly compared to urea-
handling mechanisms in other species remains to be determined.
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Abstract The urea transporter UT-B is expressed in multiple tissues including 
erythrocytes, kidney, brain, heart, liver, colon, bone marrow, spleen, lung, skeletal 
muscle, bladder, prostate, and testis in mammals. Phenotype analysis of UT-B-null 
mice has confirmed that UT-B deletion results in a urea-selective urine-concentrat-
ing defect (see Chap. 9). The functional significance of UT-B in extrarenal tissues 
studied in the UT-B-null mouse is discussed in this chapter. UT-B-null mice pre-
sent depression-like behavior with urea accumulation and nitric oxide reduction in 
the hippocampus. UT-B deletion causes a cardiac conduction defect, and TNNT2 
and ANP expression changes in the aged UT-B-null heart. UT-B also plays a very 
important role in protecting bladder urothelium from DNA damage and apopto-
sis by regulating the urea concentration in urothelial cells. UT-B functional defi-
ciency results in urea accumulation in the testis and early maturation of the male 
reproductive system. These results show that UT-B is an indispensable transporter 
involved in maintaining physiological functions in different tissues.
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Erythrocyte

Mammalian erythrocytes have long been known to have a high permeability to 
urea [31, 36]. This is due to a high level of expression of UT-B in the erythrocyte 
plasma membrane [37, 40]. Urea permeability (Purea) in UT-B-null erythrocytes 
is 45-fold lower than that in wild-type ones (1.1 × 10−6 cm/s, [48]). UT-B also 
transports water with a single channel water permeability of 7.5 × 10−14 cm3/s, 
similar to that of aquaporin-1 (AQP1) [49, 50].

UT-B in erythrocytes has been proposed to potentially serve two different phys-
iological functions in mammals [27]. First, it protects these cells from repeated 
osmotic stresses when they flow through the vasa recta in the renal medulla, where 
urea accumulates to concentrations 50- to 200-fold higher than that in peripheral 
plasma. With a high permeability to water mainly mediated by the water channel 
AQP1, erythrocytes would shrink dramatically when they penetrate in the inner 
medulla if their membrane were not also permeable to urea. Rapid urea transport 
helps preserve the osmotic stability and deformability of the erythrocytes [11, 30]. 
Second, it may also contribute to efficient urine concentration [2, 48]. Urine can-
not be highly concentrated in the isolated kidney perfused without erythrocytes, 
which is restored by adding erythrocytes in the perfusate [25]. Rapid urea trans-
port through UT-B in erythrocytes may help build the urine concentration gradient. 
The erythrocytes offer urea for countercurrent exchange between ascending vasa 
recta and arterial descending vasa recta through UT-B.

Erythrocyte number and hematocrit are similar in UT-B-null mice and wild-
type mice. The mean size of erythrocytes is not significantly different between 
UT-B-null and wild-type mice. The morphology is also similar in erythrocytes 
from mice of the two genotypes [50]. However, the physiological significance of 
UT-B in erythrocytes still needs further experimental studies.

Brain

UT-B mRNA is transcribed in olfactory bulb, cortex, caudate nucleus, hippocam-
pus, and hypothalamus [26]. UT-B is mainly expressed in astrocytes and ependy-
mal cells. Other types of brain cells, including oligodendrocytes, microglia, and 
endothelial cells of blood vessels in the blood–brain barrier (BBB) are devoid of 
UT-B [3]. There is no UT-B mRNA or protein expression in the brain of UT-B 
knockout mice.

Urea is a by-product during polyamine synthesis in the brain [1, 34]. UT-B 
deletion induces urea levels significantly higher in some regions than those in 
UT-B heterozygous mice including cortex and hypothalamus, except for the olfac-
tory bulb. Hippocampus, one of the several limbic brain structures implicated in 
the pathophysiology of mood disorders, presents high urea concentration. There 
may be two sources for the high level of urea in the UT-B-null hippocampus: dif-
fusion of blood urea and urea synthesis in the brain.
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Open field test, in which locomotor activity was recorded for 30 min, showed 
that UT-B-null mice exhibited lower central/peripheral locomotion ratio than 
heterozygous mice. UT-B-null mice exhibited longer duration of passive immo-
bility than heterozygous mice in a forced swim test. Sucrose preference was sig-
nificantly lower in UT-B-null mice than that in heterozygous mice by 20 %. 
These results suggest that UT-B deletion caused depression-like behavior [26]. 
Experiments show no difference in latency between UT-B-null mice and heterozy-
gous mice in both buried food pellet discovery and olfaction maze test, which indi-
cates that no abnormal olfaction is found in UT-B-null mice. UT-B-null mice have 
a normal urea level in the olfactory bulb.

The hippocampus is observed to have a normal structure and morphology, 
except for a lower cell density in CA3 and CA4 regions in UT-B-null mice, by 
Nissl-stained sections and electron microscopy. Electron microscopy shows that 
the UT-B-null hippocampus has markedly sparse regions with vacuolar changes, 
as well as membranous myelin-like structure formation within myelinated and 
unmyelinated fibers, which implicates swelling of the fibers and degeneration 
of membrane structures (Fig. 10.1). Nuclear dissolution in neurons with normal 
perikaryon and swelling of astrocytes occasionally appeared in UT-B-null mice. 
The micromorphologic changes indicate the degeneration of membrane structures, 
especially mitochondria, and defective axoplasmic transport in the nerve fibers 
that influenced the conduction velocity. Alterations in white matter structure have 
been observed in a wide range of psychiatric disorders. White matter is considered 
as a contributing cause of many disorders affecting mood or cognition due to dis-
ruptions in functional connectivity between distant brain regions [12]. The ultras-
tructural defects of the fibers may cause depression in UT-B-null mice.

The molecular mechanism, in which UT-B deletion causes depression-like 
behavior, may be correlative with the NOS/NO system. Urea has been reported 
to regulate the NOS/NO system. In the central nervous system, NO plays an 
important role in schizophrenia, major depression, and bipolar disorders. A nearly 
73 % decrease in nitrite content is present in the brain of schizophrenic patients 

Fig. 10.1  Subcellular structures of hippocampus observed in UT-B-null mice by transmission 
electron microscope. a Swelling of myelinated fibers with myelin figure (arrowhead). b Swelling 
of unmyelinated fibers with myelin figure (arrowhead). c Nuclear dissolution of neuron with nor-
mal perikaryons. d Slight swelling of astrocyte presented in UT-B-null mice. Scale bars, 2 μm. 
Adapted from [26]
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compared with the healthy controls [43]. NO production in the hippocampus was 
inhibited by the antidepressant fluoxetine in an animal model of chronic mild 
stress that mimics human depression [28]. Furthermore, nNOS reduces 5-HT 
transporter activity in vivo, while 5-HT uptake stimulates nNOS activity and NO 
production [5, 13]. Uremic levels of urea entering cells via the urea transporter 
can inhibit L-Arginine (L-Arg) transport into endothelial cells [47], while this 
effect can be abolished by the urea transporter inhibitor phloretin [46]. Lower 
NO production in the hippocampus was observed after an acute urea load in both 
UT-B-null and heterozygous mice. There was no difference in NO content in 
blood, cortex, and hypothalamus between UT-B-null mice and heterozygous mice. 
nNOS protein expression increases significantly in the hippocampus from UT-B-
null mice, but no difference was detected in eNOS and iNOS expression. These 
results reveal that up-regulation of nNOS induced by long-term high urea levels 
in the UT-B-null hippocampus may contribute to the feedback effect of NO reduc-
tion caused by L-Arg transport inhibition, which may be related to depression-like 
behavior (Fig. 10.2).

NO is also an important factor regulating cerebral blood flow (rCBF) and cell 
viability. Decreased NO production could contribute to the reduced prefrontal 
blood flow in schizophrenia and depressed patients [20]. rCBF is an important 
index of the neural basis of schizophrenia. Depressed patients showed significantly 
lower rCBF values in the left and right superior frontal cortex and left anterior 
cingulate cortex [16]. UT-B-null mice show a long-lasting significant decrease 
in rCBF by ~20 % compared with heterozygous mice, which corresponds to the 
“vascular depression” hypothesis [44].

Fig. 10.2  Proposed mechanism of urea/L-Arg/NO pathway for depression-like behavior in 
UT-B-null mice. Urea accumulation in hippocampus due to UT-B deficiency probably decreases 
NO production, which causes depression-like behavior
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Heart

UT-B is expressed in the heart. Surface electrocardiogram (ECG) recording shows 
that UT-B-null mice have a significantly prolonged P-R interval at 6–52 weeks of 
age [32], suggesting that the impetus of atrium cordis spread through the atrioven-
tricular junction to the ventricles is delayed. Some aged UT-B-null mice (52 weeks 
old) develop atrial ventricular heart block types II and III, which indicates that 
UT-B deletion can induce progressive heart block. About 20 % of UT-B-null mice 
have a second-degree cardiac conduction block at 52 weeks of age.

Comparative proteomic analysis of the myocardial proteins showed that nine pro-
teins were up-regulated, and one protein was down-regulated from UT-B-null mice 
compared to wild-type mice [51]. These proteins are mainly involved in cardiac mus-
cle function, cellular energy metabolism, ion channel function, and oxidative stress.

Proteomic analysis shows that the expression of TNNT2 is significantly up-
regulated in 16-week-old UT-B-null mice but down-regulated in 52-week-old 
UT-B-null mice compared to the same-aged wild-type mice. Intriguingly, the level 
of TNNT2 in 52-week-old UT-B-null mice is similar to that in 16-week-old wild-
type mice. These data indicate that TNNT2 may be involved in the development of 
cardiac conduction defects. TNNT2 is a subunit of cardiac troponin that plays an 
important role in many heart diseases and renal diseases, which acts as a Ca2+ sen-
sor and affects the contractility of myocardium [15, 38]. However, the mechanism 
how TNNT2 is involved in the cardiac conduction block remains to be studied.

Natriuretic peptides, a group of naturally occurring substances, act in the body 
to oppose the activity of the renin–angiotensin system and regulate cardiovascu-
lar homeostasis through diuretic, natriuretic, and vasodilatory properties. Three 
endogenous ligands are involved in the natriuretic peptide system including brain 
natriuretic peptide (BNP) and C-type natriuretic peptide (CNP). A-type natriuretic 
peptide (ANP) is synthesized in the atria [6] and has drawn particular attention 
because of its effects on blood pressure regulation, cardiac function, and cardiovas-
cular risk [35]. ANP is also analyzed as the gold standard of cardiac hypertrophy. 
No difference is detected in the expression level of ANP between the 16-week-old 
and 52-week-old wild-type mice. Interestingly, the ANP is especially up-regulated 
in 52-week-old UT-B-null mice (with the second-degree cardiac conduction block) 
compared to 16-week-old UT-B-null mice (with the first-degree cardiac conduction 
block) and 52-week-old wild-type mice (without cardiac conduction block), which 
suggests that the change in ANP level might be associated with the late cardiac 
conduction block. Therefore, the modulation of ANP in UT-B-null mice indicates 
that cardiac hypertrophy may be involved in the mechanism of heart block in mice.

Bladder

UT-B is abundantly expressed in bladder urothelium. As bladder is a transit and 
storage organ for urine in mammals, bladder urothelial cells are exposed to high 
osmolality and high urea concentrations all the time. Urea is highly concentrated 
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within the urine that is stored in bladder. It was hard to understand why UT-B is 
highly expressed in urothelium [41] since it should be a barrier to keep concen-
trated urea in the bladder. The specific presence of UT-B may indicate urea is 
transported through bladder urothelium [42].

The tissue architecture of bladder urothelium appears the same in UT-B-null 
bladder as that in wide-type bladder under light microscopy. However, trans-
mission electron microscope (TEM) analysis shows an increased myelin figure 
formation, mitochondrial swelling, and lysosome formation in UT-B-null urothe-
lium, which may result from non-specific injuries (Fig. 10.3). Scattered shrunken 
urothelial cells with abnormally increased cytoplasmic electron density and chro-
matin condensation in UT-B-null bladder urothelium suggests an early stage of 
apoptosis.

Microarray assay of urothelium shows that 69 genes are significantly altered 
at the mRNA level in UT-B-null mice when contrasted with wild-type mice [7]. 
Among the genes, DDB1- and CUL4-associated factor 11 (Dcaf11) and mini-
chromosome maintenance 2–4 (MCM2–4) were significantly up-regulated, and 
ubiquitin carboxy-terminal hydrolase L1 (Uch-L1), adenovirus E1B-19 K/Bcl-2 
interacting protein 3 (Bnip3), and 45 S pre rRNA were down-regulated, which are 
related to apoptosis and DNA damage.

A TUNEL staining assay of bladder urothelium shows more TUNEL-positive 
cells from UT-B-null mice than wild-type mice. Apoptosis-related protein analy-
sis demonstrates less Bcl-2, more Bax, and cleaved caspase-3 expression in UT-B-
null bladder urothelium. Uch-L1, which encourages cell proliferation and boosts 
signaling pathways against apoptosis, is down-regulated in UT-B-null bladder 
urothelium. The results indicate that more apoptosis occurs in UT-B-null urothe-
lium than in wild type.

Urea concentration in UT-B-null bladder urothelium is almost ninefold higher 
than in wild type. Acute urea loading can induce cell cycle delay and apoptosis 
[21]. Urea also leads oxidative stress in several cell types by the appearance of 
8-oxoguanine lesions and single-strand breaks in genomic DNA [33]. In vitro 
study shows that urea induces apoptosis in T24 cells (a human urinary bladder 

Fig. 10.3  Subcellular structures of urothelial cells in UT-B-null bladder observed by transmis-
sion electron microscopy. a Discoidal or fusiform-shaped vesicles and heavily stained myelin fig-
ure (arrows). b Swollen mitochondria (arrows) in cytoplasm. c Swollen mitochondria (arrows) 
and lysosomes (asterisk) in cytoplasm. Adapted from [7]
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epithelial cell line) as demonstrated by the decreased number of annexin V−/PI− 
cells (live cells) and the increased number of annexin V+/PI+ cells (late apoptotic 
cells). Urea significantly induced cell apoptosis in a dose-dependent manner.

Urea is generated from arginine by arginase catalyses. Arginase also provides 
ornithine, the substrate for polyamine synthesis [9, 52]. Arginase I expression is 
remarkably decreased, whereas arginase II expression is unchanged in UT-B-null 
urothelium. This change may result from high urea concentrations in the UT-B-
null urothelium. Arginase I colocalizes with ornithine decarboxylase (ODC) in 
the cytosol, which may preferentially direct ornithine to the polyamine pathway. 
The down-regulation of arginase I indicates that the formation of the downstream 
products, ornithine and polyamines, may be reduced. Some studies have found 
that polyamines, particularly spermine, are involved in the regulation of gene 
expression, the stabilization of chromatin, and the protection from endonuclease-
mediated DNA fragmentation [9, 18, 19]. The level of NO is significantly higher 
in UT-B-null mouse bladder urothelium compared to wild type [7]. iNOS protein 
expression is dramatically induced in UT-B-null urothelium, while the expression 
of eNOS and nNOS is hardly detectable in the urothelium of both genotypes. NO 
is involved in collateral reactions and leads to DNA damage and cell death in both 
NO-generating and neighboring cells [29], and the mechanism may be the inhibi-
tion of ODC, which then reduces polyamine production. Arginase competes with 
NOS for the common substrate L-Arg, therefore, regulating and competitively 
inhibiting each other [9].These results indicate that the high urea concentration 
in UT-B-null bladder urothelium may lead to unbalanced arginine metabolism. 
Accumulation of urea induces a shift from the polyamine pathway to the NO path-
way, which causes DNA damage and apoptosis (Fig. 10.4).

Fig. 10.4  The hypothesis of DNA damage and apoptosis in UT-B-null bladder epithelial cells. 
High urea concentrations may lead to unbalanced arginine metabolism. Accumulation of urea 
induces a shift from the polyamine pathway to the NO pathway, which causes DNA damage and 
apoptosis
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UT-B deletion induces bladder urothelium DNA damage with up-regulation of 
phosphorylation of histone (H2AX), one of the earliest indicators of DNA dam-
age, and down-regulation of MCM2, an important component of the MCM2-7 
complex that functions at the DNA replication fork in response to single/dou-
ble-stranded breaks after DNA damage. Moreover, phosphorylation of ataxia 
telangiectasia mutated (ATM) kinase at Ser1981 and both p53 expression and 
phosphorylation at Ser15 were significantly elevated in UT-B-null urothelium. 
These results demonstrate that functional loss of UT-B in bladder urothelium caus-
ing DNA damage and apoptosis depends on ATM-p53 pathway.

DNA damage and apoptosis induced by UT-B deletion are not related to ERK 
signaling and autophagy in bladder urothelial cells. There is no difference in ERK 
protein expression and phosphorylation levels between UT-B-null urothelium and 
wild-type urothelium. No conversion from LC3A to LC3B was detected, which is 
the characteristic of autophagosome.

Multiple factors could independently or together account for DNA damage and 
apoptosis of bladder urothelial cells. High urea concentrations induced by UT-B 
deletion may change multiple biological activities by destroying hydrophobic 
bonds of protein structure or causing protein carbamylation [4, 39, 53].

Testis

UT-B is expressed in Sertoli cells from stage II–III seminiferous tubules [10, 45]. 
UT-B in cells locates at the periphery of seminiferous tubules, with expression 
diminished toward the center of the lumen, indicating that these cells lose UT-B 
protein as they mature [8]. Sertoli cells in seminiferous tubules have high arginase 
activity to hydrolyze arginine into urea and ornithine. Thus, a large amount of urea 
is produced by Sertoli cells. Sertoli cells also form a blood–seminiferous tubule 
barrier to keep the unique microenvironment for spermatogenesis. UT-B is respon-
sible for transporting urea across the seminiferous tubules in order to facilitate the 
exit of urea [10, 45].

The urea concentration in testis tissue is significantly higher in UT-B-null mice 
than wild-type mice under basal conditions, which may result from inhibition of 
urea exit from Sertoli cells in UT-B-null mice. The difference in testis urea con-
centration between genotypes becomes more significant with older age. UT-B-
null mice also have greater testis weight than wild-type mice from 17 days of age. 
The time to first appearance of elongated sperm in the testis and the first breed-
ing episode in a competing mate test show that spermatogenesis and fertilizing 
ability occur 8 days earlier in UT-B-null male mice than in wild-type male mice 
(Fig. 10.5), which suggests UT-B deletion results in early maturation in the male 
reproductive system [17].

To determine the velocity of urea distribution, [14C] urea was injected intravenously 
into both wild-type and UT-B-null mice, and [14C] urea radioactivity in the serum, 
brain, liver, spleen, and testis was measured 5 min after injection. [14C] urea in testes 
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from UT-B-null mice is significantly lower than that from wild-type mice, which indi-
cates that UT-B deletion blocks urea transport through the blood–testis barrier.

Histological examination of the testis shows no significant differences in the 
morphology or distribution of stages of spermatogenesis in all seminiferous 
tubules of adult UT-B-null mice and adult wild-type mice. The cellular integrity 
of the seminiferous epithelium also appears normal in UT-B-null mice. Tubular 
and luminal diameters of seminiferous tubules were similar in UT-B-null and 
wild-type males. No obvious difference is detected in sperm numbers in cauda 
epididymis from UT-B-null mice and wild-type mice.

Follicle-stimulating hormone receptor (FSHR) and androgen-binding protein 
(ABP) expressed in testis are related to Sertoli cell development and function [14, 
22]. FSHR is specifically expressed in testicular Sertoli cells and ovarian granu-
lose cells. FSH binds to FSHR on Sertoli cells and stimulates Sertoli cells to pro-
duce ABP. FSHR signaling pathways are required for Sertoli cell function and 
testicular development [22, 23]. Decreases in testicular weight have been reported 
in FSH-β-deficient mice and FSHR knockout mice [23, 24]. ABP produced by 
Sertoli cells is considered to be essential for maintaining qualitative and quantita-
tive spermatogenesis. Both FSHR and ABP mRNA expression levels are signifi-
cantly higher in testis from UT-B-null mice than wild-type mice at 10 days of age 
and then decrease subsequently. Peak values of FSHR and ABP mRNA expression 
occur in UT-B-null mice at 10 days of age, 1 week earlier than wild-type mice, 
which indicates earlier Sertoli cell development in UT-B-null mice.
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Fig. 10.5  Breeding performance of maturing male mice. Male mice at 35 days of age were 
housed with 70-day-old wild-type female mice. Data are shown for 7 pairs of competing mates 
(left) and 7 pairs of wild-type controls (right) and are means +SE. M male; F female. Adapted 
from [17]
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Abstract Urea transporter (UT) proteins, which include isoforms of UT-A in kid-
ney tubule epithelia and UT-B in vasa recta endothelia and erythrocytes, facilitate 
urinary concentrating function. Inhibitors of urea transporter function have potential 
clinical applications as sodium-sparing diuretics, or ‘urearetics,’ in edema from dif-
ferent etiologies, such as congestive heart failure and cirrhosis, as well as in syn-
drome of inappropriate antidiuretic hormone (SIADH). High-throughput screening 
of drug-like small molecules has identified UT-A and UT-B inhibitors with nanomo-
lar potency. Inhibitors have been identified with different UT-A versus UT-B selec-
tivity profiles and putative binding sites on UT proteins. Studies in rodent models 
support the utility of UT inhibitors in reducing urinary concentration, though testing 
in clinically relevant animal models of edema has not yet been done.
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Introduction

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

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

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

Methods to Assay Urea Transport

Older Assays of Urea Transport

Assays of urea transport rely on measurements of urea movement across cell 
membranes or cell layers, or secondary effects of urea movement on water trans-
port and hence on cell or vesicle/liposome volume. For example, transport of urea 

http://dx.doi.org/10.1007/978-94-017-9343-8_5
http://dx.doi.org/10.1007/978-94-017-9343-8_9
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across an epithelial cell monolayer grown on a porous filter has been measured 
from the kinetics of urea appearance on the trans-side of the filter following addi-
tion of urea to one side of the filter [11]. Urea concentration measurement requires 
fluid sampling and an enzymatic, urease-based colorimetic assay, as to date there 
is no optical indicator of urea concentration. Radiolabeled urea (14C-urea) can be 
used in place of chemical urea, as used in some older measurements [19, 32]. A 
similar approach can be used to measure urea transport across cell plasma mem-
branes; however, the rapid urea equilibration time makes the separation of cells 
from the extracellular solution very challenging. Measurement of secondary cell 
volume changes in response to urea movement in water-permeable cells can be 
accomplished by a variety of methods [33], volume-dependent light scattering of 
small cells such as erythrocytes or membrane vesicles/liposomes being the most 
popular [11, 33]. Though some of these methods are quite accurate and quanti-
tative, they are technically tedious and hence not suitable for automated high-
throughput screening.

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

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

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

Stopped-flow light scattering is the gold standard for secondary analysis of 
UT-B inhibition and quantitative determination of IC50 values. A suspension of 
erythrocytes is mixed rapidly (<1 ms) with a urea-containing solution to create 
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an inwardly directed urea gradient. A non-saturating concentration of urea is used 
to minimize competitive effects that would confound IC50 interpretation. The 
inwardly directed urea gradient causes initial osmotic water efflux and erythrocyte 

Fig. 11.1  Assays for high-throughput identification of small-molecule UT inhibitors. a 
Erythrocyte osmotic lysis assay for UT-B inhibitor discovery. Erythrocytes expressing water 
and urea channels (AQP1 and UT-B) are preloaded with the urea analog acetamide. Following 
replacement of the external buffer with urea/acetamide-free isomolar solution, water entry results 
in cell swelling, which is limited by UT-B-mediated urea/acetamide efflux. Under optimized 
assay conditions, UT-B-facilitated urea/acetamide prevents osmotic lysis, whereas UT-B inhi-
bition impairs urea/acetamide exit resulting in substantial lysis. (Bottom) Biphasic cell volume 
changes in the lysis assay. Increased erythrocyte volume beyond a threshold results in lysis. The 
dashed curve shows the hypothetical time course of erythrocyte volume if lysis had not occurred. 
b (Top) Stopped-flow measurements of urea transport in human erythrocytes. Concentration–
inhibition curves for indicated compounds determined by light scattering in response to a 
100 mM inwardly directed urea gradient. (Bottom) Numerically simulated inhibitor concentra-
tion dependence used to determine IC50 from stopped-flow experiments. The inverse of normal-
ized cell volume, Vo/V(t), is plotted to approximate light scattering data at indicated percentages 
of urea transport inhibition. c (Left) Assay for UT-A1 inhibitors. MDCK cells stably express-
ing UT-A1, AQP1, and YFP-H148Q/V163S were subjected to an 800 mM inwardly directed urea 
gradient. A rapid decrease in cell volume (reduced fluorescence) due to the water efflux through 
AQP1 is followed by cell reswelling (increased fluorescence) due to urea and water influx. The 
UT-A1 inhibitor phloretin alters curve shape. (Right) UT-A1 and AQP1 immunofluorescence of 
the triply transfected cells, shown with YFP fluorescence. Adapted from [5, 16]
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cell shrinking, which is followed by coupled urea and water influx. Scattered 
light intensity at 90° provides a quantitative measure of cell volume. Figure 11.1b 
(top) shows light scattering curves for different concentrations of a UT-B inhibi-
tor, showing progressive slowing of the phase of decreasing light scattering with 
increased inhibitor concentration. To deduce the percentage inhibition from the 
light scattering data, the results are compared with computational prediction that 
involves numerical integration of the Kedem–Katchalsky flux equations for cou-
pled erythrocyte water and urea transport (Fig. 11.1b, bottom), as described [33].

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

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

UT-B Inhibitors

An initial screen of 50,000 diverse, small-molecule drug-like compounds was 
done using human erythrocytes based on UT-B-facilitated acetamide transport as 
described in Fig. 11.1a. Primary screening yielded ~30 UT-B inhibitors belonging 
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to the phenylsulfoxyoxozole (Fig. 11.2a), benzenesulfonanilide, phthalazinamine, 
and aminobenzimidazole chemical classes [16]. Analysis of ~700 chemical ana-
logs of these four scaffolds gave many active compounds, the most potent of 
which inhibited UT-B urea transport with IC50 ~10 nM, with ~100 % inhibition 
at higher concentrations. The compounds were characterized and used to confirm 
water transport through UT-B, which was reported in our earlier studies using 
erythrocytes from UT-B and UT-B/AQP1 knockout mice [33]. Though the potency 
of the best compound was excellent, it was not further developed because of its (i) 
relatively low potency for rodent UT-B, precluding testing in rodent models; (ii) 
high UT-B versus UT-A specificity, which is predicted to produce relatively minor 
benefit in vivo; and (iii) its rapid metabolism in hepatic microsomes, making it dif-
ficult to maintain therapeutic concentrations in vivo.

In a follow-on study, 100,000 compounds were screened using mouse erythro-
cytes with the goal of identifying potent inhibitors of rodent (and human) UT-B [34]. 
The screen produced triazolothienopyrimidine UT-B inhibitors, with the most potent 

Fig. 11.2  UT-B inhibitor identification by high-throughput screening. a Chemical structures of 
two classes of UT-B inhibitors identified from screens. b Concentration–inhibition data with fit to 
single-site inhibition model. c Docking of UTBinh-14 in a homology structural model of human 
UT-B showing UTBinh-14 binding at the cytoplasmic surface. The computed site of urea analog 
methylurea (a urea analog) is shown. (Inset) Zoomed-in view of UTBinh-14 bound in a groove at 
the UT-B channel region. d Urine osmolality in wild-type mice following dDAVP (1 µg/kg) and 
UTBinh-14 (300 µg) (or vehicle) (mean ± S.E., 6 mice per group, * P < 0.01). Same protocol as 
in B, but in UT-B knockout mice. Adapted from [1, 34]
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compound being 3-(4-ethyl-benzenesulfonyl)-thieno[2,3-e][1,2,3]triazolo[1,5-
a]pyrimidin-5-yl]-thiophen-2-ylmethylamine (UTBinh-14, Fig. 11.2a). A 5-step 
synthesis procedure for UTBinh-14 was developed to generate highly pure com-
pound for analytical and in vivo studies. UTBinh-14 fully and reversibly inhibited 
urea transport with IC50 of ~10 nM for human UT-B and ~25 nM for mouse UT-B 
(Fig. 11.2b). UTBinh-14 was highly selective against UT-B versus UT-A isoforms. 
Competition studies showed reduced inhibition potency with increasing urea con-
centration, suggesting that UTBinh-14 bound to the UT-B protein near the urea 
binding site, which was supported by homology modeling and molecular docking 
computations (Fig. 11.2c).

To study in vivo effects of UTBinh-14 on urinary concentrating function, 
compound administration dose, route, and timing were established, from liq-
uid chromatography/mass spectrometry assays, to maintain predicted therapeutic 
compound concentrations in blood, kidney, and urine [34]. Following intraperi-
toneal administration of UTBinh-14 in mice to achieve therapeutic concentrations 
in kidney, urine osmolality following dDAVP in UTBinh-14-treated mice was 
~700 mosm/kg H2O lower than in vehicle-treated mice (Fig. 11.2d). UTBinh-14 
did not significantly reduce urine osmolality in UT-B knockout mice, as expected. 
UTBinh-14 also increased urine output and reduced osmolality in mice given free 
access to water. Though these data provided proof of concept for the potential util-
ity of UT-B inhibition to reduce urinary concentration in a high-vasopressin state, 
the reduction in urine osmolality was relatively modest and similar to that con-
ferred by UT-B gene deletion, supporting the greater importance of UT-A versus 
UT-B in urinary concentrating function.

Two medicinal chemistry studies were done to further optimize UTBinh-14 
properties, with focused investigation of structure–activity relationships with 
the goal of increasing UTBinh-14 metabolic stability [1, 18]. Systematic chemi-
cal analysis indicated a major role of CH2 hydroxylation in the ethyl substituent 
in UTBinh-14 metabolic stability. By replacing the CH2 hydrogens with fluorines in 
{3-[4-(1,1-difluoroethyl)-benzenesulfonyl]-thieno[2,3-e][1,2,3]triazolo[1,5-a]pyrimi-
din-5-yl}-thiophen-2-ylmethylamine, metabolic stability was ~40-fold improved with 
little effect on UT-B inhibition potency. The optimized UT-B inhibitor accumulated in 
kidney and urine in mice, and reduced maximum urinary concentration.

UT-A Inhibitors

The UT-A inhibition assay described in Fig. 11.1c was used to screen 100,000 
synthetic small molecules for UT-A1 inhibition [5]. The screen was done on 
UT-A1 because it is predicted that this UT-A isoform is of the greatest importance 
for urinary concentration as it is the rate-limiting step in apical membrane urea 
transport in the inner medullary collecting duct and hence required to establish the 
hypermolar renal medullary interstitium. The initial screen produced four classes 
of compounds with low micromolar IC50, with an example of a dose–response 
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study in Fig. 11.3a and chemical structures shown in Fig. 11.3b. Interestingly, 
the class D compounds have the same triazolothienopyrimidine scaffold as in 
UTBinh-14. Approximately 500 analogs were tested to establish structure–activity 
relationships.

Each of the four chemical classes contained multiple active compounds with 
drug-like properties, including the presence of multiple hydrogen bond acceptors, 
as well as favorable molecular weight, aLogP, and topological polar surface areas. 
UT-A1 inhibition by each of the compound classes was reversible. Inhibition by 
compounds of classes A, B, and C was non-competitive, as judged from the min-
imal effect of urea concentration on apparent IC50, whereas class D compounds 
showed partial competition with urea. Inhibition by compounds of classes A, B, 
and D occurred over several minutes, suggesting an intracellular site of action 
on UT-A1, whereas inhibition by class C compounds was very rapid, suggest-
ing an extracellular site of action. An interesting finding was the identification of 
compounds with a wide range of UT-A1 versus UT-B selectivities, as shown in 
Fig. 11.3c. Even in the same chemical class, relatively minor chemical modifica-
tions produced compounds with very high selectivity and others with little UT-A1 
versus UT-B selectivity.

Homology modeling and computational docking was done to investigate potential 
inhibitor binding sites and selectivity mechanisms. UT-A homology modeling was 

Fig. 11.3  UT-A1 inhibitor identification by high-throughput screening. a Concentration-
dependent inhibition of UT-A1 urea transport by compound UTA1inh-A1, using the primary 
screening assay described in Fig. 13.2c. b Chemical structures of UT-A1 inhibitors of four chem-
ical classes. c UT-A1/UT-B selectivity. Percentage UT-B inhibition (y-axis) and UT-A1 inhibition 
(x-axis) for active compounds of four chemical classes tested at 25 µM. d Computational mode-
ling of urea transporter—inhibitor interaction. Putative inhibitor binding sites in rat UT-A1 show-
ing zoomed-in and zoomed-out representations of UTA1inh-A1 (left) and UTA1inh-B1 (center) 
bound to the UT-A1 cytoplasmic domain, and UTA1inh-C1 (right) bound to the extracellular 
domain. Positions of putative urea binding sites deduced from homology modeling are indicated. 
Adapted from [5]

http://dx.doi.org/10.1007/978-94-017-9343-8_13
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done using the homologous bovine UT-B bound to selenourea that was solved at 2.5 
Å solution (PDB = 4EZD) [5]. Fig. 11.3d shows putative intracellular binding sites 
of class A and B inhibitors and an extracellular binding site for the class C inhibitors. 
While binding information based on homology models should be interpreted with cau-
tion, we note that docking computations were successful in identifying the most active 
inhibitors (comparing to tested analogs) for each of the class A, B, and D compounds, 
and the predicted order of class B compounds for UT-A1 inhibition potency from com-
putation was in reasonable agreement with experimental data.

In Vivo Rat Studies

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

Fig. 11.4  Urea transporter inhibition and diuretic activity of thienoquinolin (PU-14). a 
Chemical structure of PU-14. b Dose-dependent UT-B inhibition of PU-14, determined by the 
erythrocyte osmotic lysis assay. c PU-14 of rat UT-A1 measured in stably transfected MDCK 
cells. Where indicated, phloretin (0.7 mM) or PU-14 (4 μM) was present. d Diuretic activity 
of PU-14. Rats were subcutaneously injected with indicated amounts of PU-14 just after a 2-h 
urine collection (time 0). Urine samples were collected every 2 h. e Long-term diuretic effect of 
PU-14. Rats were subcutaneously injected with PU-14 at 50 mg/kg for 7 days. f Concentration of 
osmoles, urea, and non-urea solutes in the inner medulla of rats without (control) or with PU-14 
treatment fed water ad libitum. Adapted from [17]
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To evaluate in vivo activity of PU-14 on urinary concentrating function, rats fed 
ad libitum were studied in metabolic cages. Urine output significantly increased 
in a dose-dependent manner in rats subcutaneously administered PU-14 at 12.5, 
50, and 100 mg/kg (Fig. 11.4d). Urinary osmolality and urea concentration were 
significantly decreased. The peak changes of urine output, urinary osmolality, and 
urinary urea concentration occurred between 2 and 4 h after PU-14 administration, 
with values returning to baseline by 10 h.

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

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

Potential Clinical Indicators of Urea  
Transport Inhibitors

UT inhibitors, particularly of UT-A1, have several potential clinical indica-
tions. Urea transport inhibitors have a different mechanism of action from 
conventional diuretics, which block salt transport across kidney tubule epithe-
lial cells. Diuretics such as furosemide are used widely to increase renal salt  
and water clearance in conditions associated with total body fluid overload, 
including congestive heart failure, cirrhosis, and nephrotic syndrome. By  
disrupting countercurrent mechanisms and intrarenal urea recycling, urea 
transport inhibitors, alone or in combination with conventional diuretics, may 
induce a diuresis in states of refractory edema where conventional diuretics are 
ineffective.
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Summary and Future Directions

High-throughput screening has produced multiple chemical classes of small-
molecule inhibitors of mammalian UTs, some with low nanomolar potency and 
UT-isoform selectivity. The UT inhibitors that have emerged from screening have 
many orders of magnitude greater inhibition potency than prior inhibitors. They 
should be useful as research tools to study the role of UTs in urinary concentrating 
function and in extrarenal tissues where they are expressed, and as drug develop-
ment candidates. However, many challenges remain in the clinical development of 
UT inhibitors, including demonstration of efficacy in clinically relevant models of 
refractory edema and SIADH, and in medical chemistry in the selection of inhibi-
tors with appropriate pharmacological properties.
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Abstract Jk antigens, which were identified as urea transporter B (UT-B) in the 
plasma membrane of erythrocytes, and which determine the Kidd blood type in 
humans, are involved in transfusion medicine, and even in organ transplanta-
tion. The Jk(a-b-) blood type is a consequence of a silent Slc14A1 gene caused 
by various mutations related to lineage. In addition, the specific mutations related 
to hypertension and metabolic syndrome cannot be ignored. Genome-wide asso-
ciation studies established Slc14A1 as a related gene of bladder cancer and some 
genotypes are associated with higher morbidity. This chapter aims to introduce the 
clinical significance of urea transporters.

Keywords Urea · Urea transporter · Jk antigens · Mutations

Urea Transporters and Blood Groups

On April 17 in 1950, Mrs. Kidd gave a birth to a male infant who then suffered from 
neonatal hemolytic disease due to a previously unidentified antibody passed through 
placental barrier. This antibody was directed against a new blood group antigen that 
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was then named Jk(a) and is expressed on fetal erythrocytes [1]. The Jk(b) gene was 
assumed to exist by allelomorphic gene theory, and the antigen Jk(b) was success-
fully found 2 years later by a transfusion reaction [60]. The Kidd blood group sys-
tem, defined by two codominant alleles, Jk(a) and Jk(b), was established in the 1950s, 
and it is an important factor in transfusion medicine until the present [46]. Both Jk(a) 
and Jk(b) are responsible for the three common phenotypes: Jk(a+b−), Jk(a−b+), 
and Jk(a+b+). The Jk(a−b−) (or JKnull) phenotype was discovered by a post-trans-
fusional hemolytic disease in 1959 in a Filipina of some Spanish and Chinese ancestry 
[59]. The Jk(a−b−) phenotype is rare, but occurs with greater incidence in Asians, 
Finns, Polynesians, etc. [53, 74, 85]. Although Jk(a−b−) persons from each popula-
tion carry Jk(b)-like alleles (homozygous for adenosine at nt 838), the molecular basis 
for their Jk(a−b−) phenotype is different. The Jk(a−b−) phenotype results from 
two different genetic backgrounds: (i) homozygous inheritance of a “silent” allele Jk 
at the Jk locus [30] and (ii) inheritance of a dominant inhibitor gene In(Jk), unlinked 
to the Jk locus [44, 53]. Following immunization by transfusion or pregnancy, Jk(a−
b−) individuals may produce an antibody called anti-Jk3 (or anti-Jkab), which reacts 
with all common erythrocytes carrying the Jk(a) and/or Jk(b) antigens causing severe 
hemolysis, but is unreactive with Jk(a−b−) cells themselves [47].

In 1982, when technicians routinely lysed erythrocytes with urea before using 
a Technicon Platelet Autocounter II to test a patient with bone marrow aplasia and 
severe epistaxis, they were confused that the patient’s blood sample needed 30-fold 
time of urea lysis. The subsequent findings exhibited that an increased resistance to 
urea lysis was associated with the Jk(a−b−) phenotype [20]. It was the first time 
when a connection between urea and the Kidd blood group system jumped into our 
field of vision. Meanwhile, in the early 1980s, it was being debated as to whether the 
Jk gene locus was on chromosome 2 or 7 [49, 62, 70]. And on the basis of genetic 
linkage theory, the gene locus argument even triggered a bunch of derived questions, 
such as whether or not insulin-dependent diabetes mellitus is linked to Jk gene [3, 
23, 24]. Nonetheless, the arguments came to an end in 1989. After years of develop-
ment of Human Gene Mapping, a close genetic linkage between JK and the PstI-
restriction fragment length polymorphism was detected by the L2.7 genomic DNA 
probe, and scientists had assigned the latter to chromosome 18 [16, 72].

In 1991, the phenomenon that erythrocytes of the Jk(a−b−) blood type were 
not permeable to urea was demonstrated [12], which was coincidently similar to 
the result of previous studies showing that artificial lipid bilayers exhibited a low 
transmembrane speed of urea flux [14]. This attribution of Jk(a−b−) erythrocytes 
strongly suggested correlation between Jk antigen and transmembrane movement 
of urea. In the same year, scientists first detected a urea transporter facilitating the 
ability of a polar molecule, namely urea, to permeate across the cell membrane in 
Xenopus oocytes [48, 91]. In 1993, a protein of around 40 kDa was directly found by 
photoaffinity labeling and it, probably the Kidd antigen, could be a protein related 
to urea transport [52]. In the same year, UT-2 (UT-A2, renamed in later years) was 
successfully cloned by functional expression in Xenopus oocytes microinjected with 
cDNA from rabbit renal medulla [89]. In 1994, scientists reported the isolation of 
a human bone marrow-derived cDNA coding for a protein UT-3 (UT-B, renamed 
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in later years) showing extensive sequence similarity with UT-A2 [56]. In 1995, the 
UT-B gene was assigned on chromosome 18q12 by in situ hybridization as the Kidd 
(Jk) blood group locus. The breakthrough was that their experiment finally showed 
that the Kidd blood group antigen, Jk, and urea transporter, UT-B, are the same pro-
tein [54]. They also terminated the derived question that insulin-dependent diabetes 
mellitus is not connected to Kidd blood group system [55].

Up to now, the morphology and physiology of UT-B have been widely and 
profoundly researched, and the UT-B null mouse model has been constructed 
as an imitation of Jk(a−b−) Kidd blood group (introduced in former Chapters). 
However, the Kidd blood group system itself still shows its clinical significance.

The Kidd blood group system is frequently involved in neonatal hemolytic dis-
ease and delayed hemolytic transfusion reactions, just as in its initial discovery 
[27, 78, 81]. Both anti-Jk(a) and anti-Jk(b) can result in neonatal hemolytic dis-
ease, even if the latter is far more common [2, 11, 35, 77].

Based on the 16th edition of the American Association of Blood Banks Technical 
Manual (2008), Kidd antigen detection is performed using unknown erythrocytes 
with anti-Jk(a) and anti-Jk(b) by an indirect antiglobulin test or enzyme test. For 
mass screening of the Jk(a−b−) phenotype, the urea lysis test is suggested [20, 40]. 
But hemagglutination for Kidd blood group phenotyping is not suitable for multiple 
transfusion patients, fetus, and newborn infants due to the scarce availability of rare 
antisera [6, 42, 69]. Therefore, molecular typing of the Jk gene (Slc14A1 gene) that 
avoids immunoreaction has been developed and is now well utilized in transfusion 
medicine. PCR-based determination of the Kidd phenotype has been a lifesaver for 
some patients whose samples were submitted to the New York Blood Center with con-
fusing serologic results, suggesting better sensitivity than traditional serologic methods 
[42]. Nowadays, the allele-specific polymerase chain reaction (AS-PCR) technique, 
high-resolution melting (HRM) analysis, polymerase chain reaction with sequence-
specific priming (PCR-SSP) technique, and the like for Kidd blood group genotyping 
are broadly used on fetus or after multiple transfusions [22, 28, 31, 63, 69, 76].

Aside from transfusion medicine, since UT-B was documented in several tissues as 
we introduced in Chap. 7, the antibodies in recipients may attack Jk alloantigens (UT-
B) as minor histocompatibility antigens expressed on donor’s organs after transplan-
tation [38, 68]. It has been reported that antigen Jk(b) is able to cause acute cellular 
rejection of a transplanted kidney [18, 19, 38]. Even though no post-operation rejection 
in other organs has been reported yet, we still recommend that surgeons pay attention 
to the Kidd blood group when they meet a hard-to-explain rejection episode.

Mutations of Urea Transporters in Human

The human Slc14A1 gene is located at chromosome 18q11-q12 and is organized 
into 11 exons distributed over 30 kbp (gene database: http://www.ncbi.nlm.nih.
gov/gene/6563). The gene region encoding the mature protein begins with exon 4 
and then extends to exon 11 [44]. It is known that the Asp280Asn (D280 N) amino 

http://dx.doi.org/10.1007/978-94-017-9343-8_7
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acid substitution in the UT-B protein determines the erythrocyte Kidd blood group 
antigen, i.e., Asp280 for Jk(a), Asn280 for Jk(b), and G130A (Glu44Lys) for a 
weaker version of Jk(a) group, Jk(a)W [45, 83, 86]. A Jk(a)/Jk(b) polymorphism 
resulted from a G838A transition, causing a D280 N amino acid substitution in the 
3rd extracellular loop of the Jk polypeptide [22, 55].

Frequencies of the Jk(a−b−) phenotype in different ethnic groups is dissimilar 
[21], while several diverse mutations of Slc14A1 gene with Jk(a−b−) pheno-
type are also associated with different ethnic lineages [30] (Table 12.1). Although 

Table 12.1  Mutations of Slc14A1

Mutation Amino acid change Population References

Jk(a) C582G Tyr194Stop Swiss [29]

C202T Gln68Stop Hispanic-American, 
Caucasian

[82]

G327del Leu109Phe Japanese [57]

G432A Trp144Stop Japanese [57]

757–759delTCC Ser253del Japanese [57]

G893A Gly298Glu Japanese [57]

C956T Thr319Met African-American, Indian, 
Thai, Pakistani

[74, 82]

C561A Tyr187Stop African-American [26]

del(exon 4 and 5) protein not expressed English, Tunisian, Bosnian [29, 43, 82]

IVS8+5 g > a skipping of exon 8 Chinese [17]

IVS5 − 1 g > a skipping of exon 6 Polynesian [9]

Jk(b) G130A Glu44Lys Caucasian, Thai [29, 74]

G191A Arg64Gln African-American, Japanese [4, 57]

G194A Gly65Asp French-Canadian [75]

C222A Asn74Lys Taiwanese [41]

T437C Leu146Pro Chinese [17]

G512A Trp171Stop Chinese [17]

C536G Pro179Arg Chinese [17]

C561A Tyr187Stop Japanese [57]

647-648delAC Asp216Ala Japanese [57]

G719A Trp240Stop Japanese [57]

T871C Ser291Pro Finn [30, 71]

G896A Gly299Glu Taiwanese, Polynesian, Thai [41, 74]

C956T Thr319Met African-American, Indian, 
Thai, Pakistani

[74, 82]

A723del Ile262Stop Hispanic-American [82]

IVS5-1 g > c skipping of exon 6 Chinese [50]

IVS5-1 g > a skipping of exon 6 Taiwanese, Chinese, 
Filipino, Indonesian, 
Polynesian, Vietnamese, 
Japanese

[39, 44, 57, 
82, 88]

IVS7+1 g > t skipping of exon 7 French [44]
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Jk(a−b−) persons from many populations carry Jk(b)-like alleles, the molecu-
lar basis for their Jk(a−b−) phenotype is different. In contrast, some mutations 
are related to Jk(a)-like alleles and also rely on ethnic group [9]. B.S. (a donor 
from USA) and L.P. (a donor from Paris) were homozygous for point mutations 
at conserved 3′-acceptor (ag 3 aa) and 5′-donor (gt 3 tt) splice sites of introns 5 
and 7 and lead to exons 6 and 7 skipping, respectively [44]. In Polynesian, the 
mutation is AG to AA located in the 3’-acceptor splice site of intron 5 of Jk(b) 
causing skipping of exon 6; in Finns, the mutation site is a missense mutation, 
T871C substitution, that leads to Ser291Pro [30, 71]. A G to A 3′ splice site muta-
tion of intron 5 is associated with skipping exon 6 and was also found in native 
Chinese [88], while at the same position, a G to C mutation was detected in 
Chinese resulting in the same consequence [50]. In Taiwan, two novel mutations 
with one missense mutation C222A (Asn74Lys) in exon 5 and the other missense 
mutation G896A (Gly299Glu) in exon 9 of the Jk allele led to two heterozygous 
patterns of Jk(a−b−) genotype [41]. IVS5-1 g > a mutation was detected widely 
in Taiwanese, Fujian, Filipino, and Indonesian populations [39]. In 2013, a splice 
mutation of Jk(a), IVS8+5 g > a, resulting in skipping of exon 8 was designated, 
while a nonsense mutation G512A (Trp171Stop) resulting in a premature stop 
signal in exon 7, two types of missense point mutations, C536G (Pro179Arg) 
and T437C (Leu146Pro), were also found in Chinese [17]. In the Swiss Jk(a−
b−) samples, a nonsense mutation in exon 7, C582G, resulting in a premature 
stop codon (Tyr194Stop) was identified [29]. In English, a deletion of 1,603 bp 
including exons 4 and 5 involves the loss of the translation start codon [29]. In 
a Tunisian, it was found by genotyping that a 7-kb fragment that normally con-
tains exons 4 and 5 was missing but was displaced by a 136-bp intron 3 sequence 
located 315-bp and 179-bp upstream from exon 4 [43]. A C956T (Thr319Met) 
mutation was found in African origin, causing Jk(a−b−) type in an African-
American donor [82] and then found in Thais in a subsequent study [74]. Also in 
an African-American family, C561A (Tyr187Stop) was detected as another Jk(a)-
like silent Jk locus [26]. By testing two American siblings of Caucasian origin and 
one female of Hispanic origin, respectively, two different nonsense mutations, 
C202T (Gln68Stop) and A723del (Ile262Stop), were identified [82]. In a French-
Canadian family, G194A (Gly65Asp) was found as a novel silent mutation [75].

To our knowledge, these mutations are all responsible for deficient urea trans-
port in Jk(a−b−) population. We suggest doctors in other regions of the world 
test for mutation of the Slc14A1 gene when they meet Jk(a−b−) patients from an 
undocumented ethnic group.

Apart from Slc14A1, variations of Slc14A2 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 associated with 
blood pressure variation in men but not women [66]. Both Ile227 and Ala357 
alleles exhibit a modest protective effect, but mechanisms of difference between 
genders remain vague. How these polymorphisms contribute to blood pressure 
variation is considered to be by decreasing the activity of UT-A. Then, the reduc-
tion in the reabsorption of urea and water leads to lower blood pressure. Moreover, 
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subjects carrying both the Ala357/Ala357 genotype in the Ala357Thr polymor-
phism and either Val227/Ile227 or Ile227/Ile227 genotypes in the Val227Ile 
polymorphism had the highest mean change in both systolic and diastolic blood 
pressure after treatment of hypertension by nifedipine gastrointestinal therapeu-
tic system [25]. Interestingly, expression of UT-A is upregulated in hearts and 
downregulated in kidneys in rats after hypertension [8, 36]. To our knowledge, the 
potential association herein needs further study.

A genetic study of persons of Asian origin showed that G465C in Slc14A2 is 
related to a low risk of metabolic syndrome, revealing a significant difference in 
triglyceride level [79]. But another study suggested that the Slc14A2 gene con-
tributes to metabolic syndrome by regulating albumin directly [90]. Based on the 
above, further studies can delve into the relationship between UT-A and common 
chronic diseases.

Genetic Variation in the UT-B Gene and the Risk of 
Urinary Bladder Cancer

Urinary bladder cancer ranks eighth in worldwide cancer 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 screen-
ing and interventions. Approximately 386,000 new bladder cancer cases (297,000 
males and 89,000 females) occurred worldwide in 2008. Rates in males are three to 
four times those in females [10, 58]. Urinary bladder cancer stands out as a huge bur-
den all over the world, particularly in developing countries [61].

The risk factors associated with the development of bladder cancer include 
cigarette-smoking, exposure to chemicals such as aromatic amines, chronic blad-
der inflammation, and age [32, 84]. Most tumors are transitional cell carcinomas 
(95 %), occurring in industrialized countries. Bladder cancer has historically not 
been treated as a cancer with a genetic background though a family history of 
bladder cancer is associated with an approximately two-fold increase in risk [51]. 
In recent years, some multistage genome-wide association studies (GWAS) have 
found several genes, TP63, MYC, TERT, PSCA, CLPTMIL, TMEM129, TACC3-
FGFR3, APOBEC3A, CBX6, CCNE1, UGT1A, NAT2, GSTM1, that are linked 
to bladder cancer [33, 34, 64, 67, 87]. In 2011, a new urinary bladder cancer sus-
ceptibility locus was discovered from an extension of the European urinary blad-
der cancer genome-wide association studies—a single-nucleotide polymorphism 
(SNP) in intron 3, rs17674580, of the UT-B gene Slc14A1. It is hypothesized that 
sequence variants in the Slc14A1 gene indirectly modify urinary bladder cancer 
risk by affecting the urine concentration or frequency of urination that affects the 
time that carcinogens are contacting the urothelium (urogenous contact hypothe-
sis, set in 1987) [5, 65]. Interestingly, at the same time, a meta-analysis of exist-
ing GWAS data [67, 87] also identified a novel susceptibility locus that mapped 
to a region of 18q12.3, marked by rs7238033 and two highly correlated SNPs, 
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rs10775480/rs10853535, localized to the UT-B gene Slc14A1. And they found no 
evidence of modification of the 18q12.3 locus risk association by smoking sta-
tus [15]. Coincidently, the latter study group speculated that variations in urine 
volumes and concentration could modify exposure of bladder epithelium to car-
cinogens in the urine, which is similar with the urogenous contact hypothesis. To 
search for more evidence, in 2013, a further study was designed to seek difference 
between both phenotypes that are T allele versus C allele at rs10775480 [37]. They 
measured specific gravity representing urine concentration, and differential results 
were observed. Specifically, carriage of the bladder cancer risk allele resulted in 
a significant decrease in urinary specific gravity after controlling for all available 
predictors. Their data suggested that UT-B expressed in the bladder has the ability 
to influence urine concentration and this mechanism might explain the increased 
bladder cancer susceptibility associated with rs10775480. However, recent stud-
ies in rats found evidence that expression of UT-B in urothelium may be associ-
ated with bladder cancer directly. As we introduced previously, UT-B distributes 
in urothelium so that urea is continuously reabsorbed from the urine across the 
urothelium via UT-B, and urine is thus altered in its passage through the urinary 
tract [73]. Additionally, in UT-B null mice, DNA damage and apoptosis were 
markedly increased, 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 [7]. Research hitherto delving into an association between the 
urea transporter and carcinoma of bladder or even other bladder disorders are rare. 
Further studies are desired to reveal precise mechanism.

The expression of the gene Slc14A1 in humans was affected by castration, in 
addition to differential expression in the benign and malignant prostate, which 
suggested that Slc14A1 might also contribute to prostate carcinoma [80]. Even in 
cancers out of urinary system, Slc14A1 stands out unexpectedly. Downregulation 
of Slc14A1 in noninvolved tissue of pulmonary adenocarcinoma may mark higher 
clinical stage [13].
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Abstract Some unicellular organisms can take up urea from the surrounding 
fluids by an uphill pumping mechanism. Several active (energy-dependent) urea 
transporters (AUTs) have been cloned in these organisms. Functional studies show 
that active urea transport also occurs in elasmobranchs, amphibians, and mam-
mals. In the two former groups, active urea transport may serve to conserve urea 
in body fluids in order to balance external high ambient osmolarity or prevent des-
iccation. In mammals, active urea transport may be associated with the need to 
either store and/or reuse nitrogen in the case of low nitrogen supply, or to excrete 
nitrogen efficiently in the case of excess nitrogen intake. There are probably two 
different families of AUTs, one with a high capacity able to establish only a rela-
tively modest transepithelial concentration difference (renal tubule of some frogs, 
pars recta of the mammalian kidney, early inner medullary collecting duct in some 
mammals eating protein-poor diets) and others with a low capacity but able to 
maintain a high transepithelial concentration difference that has been created by 
another mechanism or in another organ (elasmobranch gills, ventral skin of some 
toads, and maybe mammalian urinary bladder). Functional characterization of 
these transporters shows that some are coupled to sodium (symports or antiports) 
while others are sodium-independent. In humans, only one genetic anomaly, with 
a mild phenotype (familial azotemia), is suspected to concern one of these trans-
porters. In spite of abundant functional evidence for such transporters in higher 
organisms, none have been molecularly identified yet.
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List of Abbreviations

AUT  Active urea transporter
CD  Collecting duct
FEurea  Fractional excretion of urea
GFR  Glomerular filtration rate
IMCD  Inner medullary collecting duct
Purea  Plasma urea concentration
U/P urea  Ratio of urine urea concentration to plasma urea concentration
UT  Facilitated urea transporter

Introduction

Nitrogen is a major element of all forms of life. Amino acids are the building 
blocks of proteins, an abundant constituent of all living organisms. Thus, nitrogen 
intake is a crucial issue. Urea is a small organic molecule with two nitrogen atoms. 
Some lower organisms can use urea as a source of nitrogen when they possess ure-
ase, an enzyme able to hydrolyze urea into ammonia and carbon dioxide. Higher 
organisms face the need either to store and reuse nitrogen in the case of low sup-
ply, or to excrete nitrogen efficiently in the case of excess intake, because there is 
no way to store nitrogen in the body. Moreover, all nitrogen metabolism end-prod-
ucts are toxic to some extent. However, in some animal groups, accumulation of 
urea in body fluids has been used as a way to prevent desiccation or to counteract 
the high osmolarity of seawater.

All biological membranes have a relatively low permeability to urea, a highly 
hydrophilic compound. Specific systems of urea transport have been developed 
that can be found across the entire tree of living beings, from unicellular organ-
isms up to mammals. They include both facilitated urea transporters (UTs) and 
active (energy-dependent) urea transporters (AUTs) (Fig. 13.1). Up to now, a num-
ber of facilitated UTs have been identified and cloned (see Chap. 4). A few active 
transporters, able to raise the concentration of urea in unicellular organisms above 
that in the surrounding fluid, have been identified and cloned. Other active trans-
porters, able to induce vectorial transport across an epithelium in higher organ-
isms, have been well characterized functionally, but none of them has been cloned 
and molecularly identified so far.

Functional studies suggest that there are at least two classes of AUTs with dif-
ferent characteristics. Some AUTs probably have a high capacity, but are able to 
establish only a relatively modest transepithelial concentration difference (about 

http://dx.doi.org/10.1007/978-94-017-9343-8_4
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fivefold to tenfold). See Table 13.1. They may serve either to secrete or to reab-
sorb urea depending on the function of the tissues in which they are expressed. 
Other AUTs probably have a low capacity, but are able to maintain a high transepi-
thelial concentration difference (100–1,000-fold) that has been created by another 

 Lipid bilayer
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Fig. 13.1  The different ways of urea transport. a Urea can be moved through cell membranes in 
three different ways: (1) Simple diffusion through the lipid bilayer, allowing equilibration of urea 
concentration between the two compartments. This diffusion is relatively slow because urea is a 
very hydrophilic molecule. (2) Diffusion along a urea concentration gradient through a facilitated 
urea transporter inserted into the lipid bilayer. This allows a much faster equilibration between 
the two compartments. In some epithelia, the transporter is expressed on both the apical and the 
basolateral membranes of the cells, ensuring a rapid transepithelial flux of urea (3) Active (or 
secondary active) transport through a protein (or protein complex) that is coupled to an energy 
source and is thus able to raise urea concentration in one compartment above that in the other, 
i.e., an “uphill” transport against an unfavorable concentration difference. b In single cells (left), 
such an active transport allows an uptake of urea from the medium and is usually associated with 
the expression of urease in the cell. In epithelial cells (right), a facilitated transporter is often 
located on the opposite membrane, thus allowing transepithelial transport
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mechanism or in another organ (Table 13.1). Functional characterization of these 
transporters shows that some are coupled to sodium (symports or antiports) while 
others are sodium-independent. The next sections of this chapter are organized 
according to the function and localization of these transporters, not to their bio-
chemical characteristics.

Two Notes About Osmolality, Osmolarity,  
and Osmotic Pressure

1. Although most modern osmometers measure osmolalities (in mosm/kg water), 
we will prefer in this chapter to use the term osmolarity (in mosm/L) because 

Table 13.1  Two different families of active urea transporters (AUTs) 

A Low-affinity, high-capacity AUTs, able to create a modest difference in urea concentration 
across an epithelium. By its action, the transporter allows urea to reach a concentration a few 
times higher (5 ~ 10 fold) in a structure than in the surrounding interstitium. B High-affinity, 
low-capacity AUTs, able to prevent the dissipation of a large urea concentration difference across 
an epithelium. The high urea concentration in the fluid is created by another mechanism in 
another organ (liver for elasmobranchs and toads, kidney in mammals). The AUTs continuously 
reclaims urea that could diffuse away through epithelia that are in contact with fluids exhibiting a 
much lower urea concentration (100- ~ 1,000-fold)
IMCD inner medullary collecting duct

A. Low affinity, high capacity AUTs
Animal group Organ/localization Function

Elasmobranchs Intestine? Kidney? Absorption/reabsorption of 
urea?

Some frogs (Amphibians) Kidney tubules of some frogs Secretion of urea for urea 
concentration in urine above its 
concentration in plasma

Mammals. Ruminants and 
herbivores. Rats (and pos-
sibly humans) when fed a low 
protein diet

Upper part of IMCD Reabsorption of urea for nitro-
gen conservation

Mammals. More likely in carni-
vores and omnivores

Pars recta of the proximal 
tubule

Secretion of urea for improved 
urea excretion and concentra-
tion in the urine

Mammals Testis (seminiferous tubules)? Secretion of urea driving fluid 
into the tubule

B. High affinity, low capacity AUTs

Animal group Organ/localization Function

Marine elasmobranchs Gill Conservation of high urea 
concentration in extracellular 
fluids

Some terrestrial toads 
(Amphibians)

Ventral skin Conservation of high urea 
concentration in extracellular 
fluids

Mammals Terminal IMCD + ureter and 
bladder urothelium?

Conservation of high urea con-
centration in bladder urine
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living cells sense the concentration of osmoles per unit volume of extra- or 
intracellular fluids, not per unit weight of these fluids. In any case, in most bio-
logical tissues, the numerical difference between osmolality and osmolarity is 
small because, in the range of solute concentrations observed in living beings, 
the density of the solutions is not very different from that of pure water.

2. Osmolarity (or osmolality) should be preferred to “osmotic pressure” because 
this physical osmotic force is not at all a “pressure.” It was named in this way 
because, for a long time, osmolarity was evaluated indirectly as a hydrostatic 
pressure. In a U-shaped tube, the unknown solution was placed in one side of 
the tube, separated from pure water in the other side of the tube by a semi-
permeable membrane. The osmoles present on one side attracted some water 
through the semipermeable membrane, and this resulted in a difference in 
height between the two columns. This difference in pressure was expressed in 
mm of height along the column (also an old way to measure pressures). Now, 
we should abandon the term “osmotic pressure” and use only “osmolarity” (or 
osmolality).

Active Urea Transport in Lower Organisms

Some unicellular organisms can use urea as a source of nitrogen by the combi-
nation of two associated adaptations. First, they express in their membrane an 
AUT that can take up urea from the surrounding medium, even if urea is present 
at very low concentrations (<1 mM). Second, they express in their cytoplasm the 
enzyme urease that catalyses the hydrolysis of urea into ammonia and carbon 
dioxide, ammonia being then used for amino acid synthesis. Active urea transport 
and the use of urea nitrogen for growth have been characterized in the following 
organisms.

•	 Plants (e.g., the H+, urea cotransporter AtDUR3 in Arabidopsis, and OsDUR3 
in rice) [85, 86, 94, 151].

•	 Bacteria (e.g., FmdC in Methylophilus methylotrophus and Dur3 in Candida 
albicans) [71, 102, 108].

•	 Cianobacteria (urtABC, an ABC-type transporter that is regulated by the con-
centration of urea in the medium) [147].

•	 Fungi (e.g., PiDur3 in Paxillus involutus and UreA in Aspergillus nidulans) [1, 
104, 114].

•	 Yeast (e.g., Dur3 in Saccharomyces cerevisiae) [41]. Some strains of yeast that 
are defective for this AUT present a reduced growth rate when grown on 10 mM 
urea [141].

As an example, Fig. 13.2 shows active urea uptake mediated by PiDur3 in a fun-
gus in the absence or presence of acetohydroxamate acid, a urease inhibitor [104]. 
A phylogenetic tree has been built (Fig. 13.3), based on AUTs from plants, fungi, 
and homologues [1].
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Fig. 13.2  Kinetics of [14C]-urea uptake by the fungus Paxillus involutus. After a preliminary 
period of nitrogen starving, fungal colonies were transferred to a culture medium containing 
either no urea (-N), or [14C]-urea (1 mM) alone, or with acetohydroxamic acid (AHA, 5 mM). 
Accumulation of radioactive urea was followed for 1 h. Reproduced from [104]

Fig. 13.3  Phylogenetic tree of characterized urea transporters from plants (AtDUR3), fungi 
(UreA, PiDur3, ScDur3), and homologues in the genus Aspergillus. Reproduced from [1]
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Active Urea Transport in Lower Vertebrates

Urea is not considered to be a source of nitrogen in vertebrates, except in those 
that host some bacteria possessing the enzyme urease, which are able to break 
down urea into ammonia and carbon dioxide (ruminants, see further). Known 
cases of active urea transport in vertebrates are associated with three different 
functions. One is the control of blood and extracellular osmolarity in order to con-
serve urea in body fluids at a relatively high concentration because, in some cases, 
urea plays the role of an internal osmotic buffer. This is the case in marine ani-
mals living in hyperosmotic seawater such as elasmobranchs, and in some terres-
trial toads or frogs living in a hot dry environment. The two other functions are 
related to nitrogen balance in mammals with either the aim to conserve nitrogen 
by reabsorption of urea in the kidney (for animals feeding on a protein-poor diet), 
or to facilitate its excretion by active secretion into the urine (for animals feed-
ing on a protein-rich diet). No active urea transport has been reported in reptiles 
and birds, two groups of animals that are uricotelic (excreting nitrogen wastes as 
uric acid), not ureotelic, and in which erythrocytes are not highly urea-permea-
ble because they do not express a facilitated UT (like there is in mammals) [93]. 
Although there is ample functional evidence for the existence of active urea trans-
port in several tissues of pre-vertebrates (elasmobranchs) and lower vertebrates 
(fish, amphibians), no AUT has been cloned yet.

Elasmobranch Gills

In elasmobranch fishes (rays and sharks), the internal milieu has a high urea con-
centration (350–500 mM) [26, 59], which contributes to balance the high osmo-
larity of the surrounding seawater. The transepithelial concentration difference for 
urea is massive, and thus, urea is permanently at risk of being lost through the 
gills, which are highly vascularized and exhibit a large area of contact with sea-
water. Anatomical and functional studies in the dogfish shark (Squalus acanthias) 
have revealed unique characteristics [47]. The basolateral membrane of the gill 
epithelium shows high levels of cholesterol so that this tissue exhibits the highest 
reported cholesterol-to-phospholipid molar ratio, probably contributing to reduce 
solute diffusion through this epithelium. Urea transport studies have revealed the 
existence, in the basolateral membrane, of phloretin-sensitive, sodium-coupled, 
secondary active urea transport. A Na+: urea antiporter is energized by the con-
tinual removal of Na+ from the gill via basolateral Na+/K+ATPase [47]. See 
Fig. 13.4c. This transport system actively brings urea from the fluid lining the gill 
epithelial cells back into the blood and thus, along with the specialized compo-
sition of the membrane, minimizes passive urea leakage across the gills. Elegant 
perfusion studies by Wood et al. demonstrated that the apical membrane of the 
gill epithelial cells is the limiting factor in maintaining gill urea impermeability, 
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Fig. 13.4  Hypothetical urea transport model of the elasmobranch kidney tubule and gill. 
Reproduced from [101]. a and b Kidney tubule in the bundle zone and sinus zone, respectively. 
Urea would cross the brush border membrane of a sinus zone tubular cell via a Na+-urea cotrans-
porter and a phloretin-sensitive UT and of a bundle zone tubular cell via a phloretin-sensitive UT. 
c. Gill. In the gill, urea would leak across the basolateral membrane and enter the gill cell. Urea 
would be pumped out basolaterally in exchange for Na+, driven by the Na+, K+ ATPase. The 
apical membrane has a very low permeability to urea. Asterisks denote hypothesized transporters 
in the basolateral membrane that have not been resolved experimentally
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suggesting that a urea back-transporter operates at the apical membrane. This 
transporter can be competitively inhibited by thiourea and acetamide [153]. This 
enables elasmobranchs to retain urea in the face of an extremely high blood-to-
water urea diffusion gradient.

In these cartilaginous fishes, urea may also be lost in the urine, and reabsorp-
tion of filtered urea by the kidney is essential for retaining high levels of urea in 
their internal milieu. The kidney exhibits an extremely complex structure [62, 63], 
and at least 5 closely related isoforms of facilitated UTs have been identified in 
selective segments of the nephron and collecting system [72, 73, 75, 136]. But it 
seems likely that urea conservation by the kidney in elasmobranchs does not rest 
only on facilitated transporters and countercurrent systems. Experiments in iso-
lated brush-border membrane vesicles of Raja erinacea suggest the existence of 
two different, likely active, transport processes responsible for an uptake of urea 
(i.e., urea reabsorption) in the elasmobranch kidney [105, 106]. Active urea reab-
sorption has also been suspected to take place in some parts of the collecting sys-
tem [128, 131]. See Fig. 13.4a, b (reproduced from [101]).

Active urea transport may also occur in the intestine of marine elasmobranchs. 
In the dogfish shark, feeding caused a marked switch from a low rate of urea 
secretion to net urea absorption. This intestinal urea transport occurred at rates 
comparable to urea reabsorption reported in gills and kidneys and was apparently 
active [4, 92].

Such active urea transport among marine animals is unique to elasmobranchs. It 
does not concern teleost fish that do not have a high urea content in their internal 
milieu [100]. However, a few fish are ureotelic and excrete urea by letting it dif-
fuse through facilitated UTs in the gills, sometimes in a pulsatile fashion, but this 
does not require active transport [101, 152].

Active Urea Reabsorption in the Skin  
of Some Terrestrial Amphibians

Some amphibians live in terrestrial biotopes with a high ambient salinity (Bufo 
viridis or marinus, Xenopus laevi, Rana crancrivora). They accumulate urea in 
their body fluids up to a relatively high concentration (up to 100 mM) in order 
to maintain their fluid balance (although less high than in marine elasmobranchs) 
[74, 133]. This urea may be lost by diffusing through their ventral skin that is in 
contact with the soil or through their skin when immersed in saline water. This 
ventral skin exhibits a specialized anatomical structure and performs an active, 
saturable, urea reabsorption that has been well demonstrated in vitro [39, 79, 87, 
117]. Adaptation to salty water (100 mM NaCl solution) increases active transport 
of urea in the skin, and a correlation between the degree of active urea transport 
across the skin and the capacity of the species to endure dehydrating conditions 
has been described [53]. This urea transport is energy-dependent and most likely 
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includes a two-step process [87]. Whether this active urea reabsorption is coupled 
to sodium or proton transport has been a matter of debate 2–3 decades ago [40, 
118, 142, 143] and has not been reevaluated recently to our knowledge.

Active Urea Secretion in the Renal Tubule of Some Frogs

Most fresh water amphibians excrete nitrogen as ammonia that diffuses freely in 
the water. But a few of them, such as Rana catesbeinana, Rana pipiens, and Rana 
clamitans, are ureotelic. Although they are unable to concentrate urine as a whole, 
urea may be concentrated in their urine more than in the internal milieu, while other 
solutes are less concentrated. Urea handling by the frog kidney has been the mat-
ter of several studies during the years 1950–1975 [27, 48, 49, 95, 96, 130], but did 
not seem to raise much interest in recent years. Forster showed that urea excretion 
largely exceeds the amount of urea filtered, due to a saturable urea secretion [48]. 
Urea clearance can be seven to ten times higher than the GFR [27]. The relative con-
centration of urea in collecting duct and urine is roughly five to six times higher than 
that of inulin. An active secretion of urea likely takes place in the proximal and/or 
distal tubules [130]. As a result of active pumping, kidney slices from Rana cates-
beiana can accumulate urea to a concentration up to 10 times that of the surrounding 
fluid [112]. The active UT is probably located in the basolateral membrane of the 
tubules and could be analogous to that suspected in the mammalian pars recta (see 
further). Urea secretion results in a very low concentration of urea in the blood and 
a high urine/plasma concentration ratio. As proposed by Long, the ability to secrete 
urea and the resulting low plasma urea concentration reduce the osmotic gradient 
between the frog’s interior milieu and the surrounding fresh water [96]. This mini-
mizes the influx of water and thus the energy needed to excrete solute-free water. 
This situation is opposite to that prevailing in elasmobranchs living in seawater.

Active Urea Transport in Mammals

Mammals excrete most of their nitrogenous wastes in the form of urea. Their urea 
excretory needs depend on the protein content of their diet and on their eating 
behavior. 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 fasting 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 reg-
ular need for nitrogen excretion.

The plasma urea level in mammals is kept at a relatively low level (3–10 mM) 
so that, in carnivores and omnivores, urea is concentrated in the urine far above 
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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 differences in body size and other 
factors (Table 13.2). In some desert-adapted rodents, urine urea concentration can 
be 500-fold higher than that in plasma [11, 14]. Urea is very soluble and can thus be 
concentrated without risk of precipitation and kidney stones, contrary to uric acid.

Most recent textbooks of renal physiology and nephrology do not include a spe-
cific chapter on urea excretion and its possible regulation, although urea represents 
about 40 % of all urinary solutes in humans (on a Western-type diet) and even more 
in laboratory rodents [156]. It is usually assumed that urea is freely filtered in the 
glomeruli and that a variable proportion is reabsorbed passively by diffusion along 
the nephrons. This reabsorption depends on the urine flow rate. With slower flow and 
higher concentration, more urea is reabsorbed in the collecting duct, partly because 
some urea is driven by simple diffusion along the whole CD, 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 the vasopres-
sin-dependent UTs (UT-A1, and UT-A3) are expressed (see Chap. 4). However, as 
already recognized more than 50 years ago [33, 126, 127], this is too simplistic of a 

Table 13.2  Water, urea, and sodium handling in mice, rats, and humans

aThe 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)

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 H2O 2,650 1,500 650

Urine output ml/d 2 12 1,400

Osmolar excretion mosm/d 5.3 18 900

U/P osmolality – 8.8 5 2.2

Urea

Daily urea excretiona 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 1,800 700 285

U/P urea – 200 140 60

Sodium

Daily Na excretiona mmol/d 0.2 1.5 130

Daily Na excretion mmol/d/kg BW 6.6 5 1.8

Plasma Na concentration mmol/L 140 140 140

Urine Na concentration mmol/L 60 125 95

U/P Na – 0.45 0.9 0.68

http://dx.doi.org/10.1007/978-94-017-9343-8_4
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concept. From her pioneer studies, Bodil Schmidt-Nielsen concluded that, in addi-
tion to this flow- and vasopressin-dependent reabsorption, urea excretion must be 
regulated [126, 127]. Both active urea reabsorption and active urea secretion may 
occur through different transport processes, for the sake of either nitrogen salvaging 
or more efficient urea excretion, respectively. This is suggested by the very differ-
ent fractional excretions of urea observed when dogs or sheep are fed low or high 
protein diets, respectively [125] (Fig. 13.5). A tendency for such regulation is also 
apparent in humans, but to a much lesser extent [107]. As explained in more detail 
below, the experimental results suggest that the regulation associated with nitrogen 
conservation is a slow process, whereas the regulation associated with efficient urea 
excretion is rapid and probably under the control of peptide hormones.

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 reuse urea nitrogen by virtue of two associated adap-
tations (Figs. 13.5 and 13.6). One is the ability to reabsorb urea actively from the CD 
(“uphill” transport), thus reducing its excretion; the other is hosting in their digestive 
tract bacteria that express urease and are thus able to hydrolyse urea, thus releasing 
carbon dioxide and ammonia. The former will pass into the blood and be excreted 
by the lungs, whereas the latter will have two possible fates. Ruminants express a 
facilitated UT in their rumen [134, 140]. The bacteria will use urea nitrogen diffus-
ing from blood into the rumen to build their own amino acids and proliferate [81]. 

Fig. 13.5  Effects of varying protein intake on the fractional excretion of urea (FEurea), according 
to the intensity of urine concentration in man, dog, and sheep. Urine concentration is displayed 
as the urine-to-plasma ratio of inulin or creatinine concentrations (shown in logarithmic scale). 
Open symbols: high (circles) or normal (triangles) nitrogen intake. Closed symbols: low nitrogen 
intake. The low nitrogen intake lowers FEurea in all three species, but the most dramatic effect is 
seen in the sheep (ruminant). Redrawn and adapted from [125]
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The bacteria will subsequently be digested in the 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 hydrolyse urea are located 
in the colon, which expresses a facilitated UT [34, 35, 66, 67, 97, 135, 139, 140]. 
Ammonia resulting from urea breakdown will be used by the enterocytes of the host 
to make glutamine that can be further used for nitrogen metabolism (Fig. 13.6).

Because of the very low fractional excretion of urea in sheep, Bodil Schmidt-
Nielsen had assumed that active urea reabsorption occurred in their kidney [126, 
127]. Sands and colleagues undertook several studies to characterize this urea 
reabsorption associated with low protein intake. They observed that active urea 
reabsorption can be induced in rats by feeding them a low protein diet for several 
weeks (Fig. 13.7). Using microperfusion of isolated segments of the inner medul-
lary collecting duct (IMCD), they showed that this active absorption occurs only 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 presence of sodium in the lumen 
(but not in the bath), and can be inhibited by ouabain [68–70, 76, 78]. This sug-
gests that a low protein diet induces the synthesis and insertion of a sodium–urea 
cotransporter located in the apical membrane of the early IMCD. Whether this 
active transport extends into the outer medullary CD has not been evaluated.

In ruminants, the intensity of urea nitrogen recycling is regulated according to 
the protein content of the diet. With an increasing level of protein intake, nitro-
gen recycling is reduced along with reductions in urea reabsorption in the kidney, 
ruminal wall urease activity, and abundance of ruminal facilitated UT [99, 134].

Attempts to clone the active transporter of the IMCD responsible for the urea 
reabsorption in the rat kidney by either expression cloning or subtracting hybridi-
zation have not been successful [7, 30, 123].
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Fig. 13.6  Pathway for reuse 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 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 species) (2) where it 
is hydrolyzed into ammonia and CO2 by microorganisms expressing urease (3). Ammonia nitrogen can 
be reused for protein synthesis (4), thus contributing to nitrogen conservation (5)
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Active urea absorption can also be induced in the same segment of the CD by 
chronic furosemide treatment. In that case, this transport is stimulated by vaso-
pressin, depends on the presence of sodium in the bath (but not in the perfusate), 
and is inhibitable by both phloretin and ouabain [77]. These observations suggest 
that the transporter involved in this case is an absorptive ‘‘sodium–urea counter-
transporter’’ located in the basolateral membrane of the early IMCD.

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. This was assumed to result from facilitated diffu-
sion of urea from ascending vasa recta into the thin limbs of Henle’s loops that 
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 [84, 156]. This classical view, which prevailed 
for several decades, had to be revised when it was observed that mice with genetic 
deletion of UT-A2 do not show a urine-concentrating defect [146]. Thus, urea 
addition has to occur in some other place in the loop of Henle. Note: the “loop 
of Henle” in micropuncture experiments includes all nephron segments com-
prised 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 have concluded from their observations that 
active, energy-dependent urea secretion probably occurs in the mammalian kid-
ney [19, 80, 122]. Although 50 % of filtered urea is reabsorbed in the proximal 
convoluted tubule in the cortex at any level of urine concentration [6], fractional 

Fig. 13.7  Net urea flux 
measured in isolated perfused 
initial inner medullary 
collecting ducts from rats 
switched from 18 % (week 
0) to 8 % protein diet for 
1–4 weeks. The capacity to 
reabsorb urea increases with 
time and reaches a plateau 
after 3 weeks. Redrawn after 
[123]
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excretion of urea above 50 % has been reported in a number of studies [32] (see 
Table 1 in [15]) (Figs. 13.5, 13.8b, 13.10), suggesting that urea is added downstream 
of the late proximal convoluted tubule. Values above 100 % have even occasion-
ally been reported in rats (Table 13.3), dogs, and humans (see review in [156]) and 
more recently in mice [45, 156]. 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 [5, 18, 65]. Actually, a modest but significant rate of 
urea secretion has been found in isolated cortical and medullary pars recta of the 
rabbit [80]. Studies of rabbit cortical pars recta did not confirm this active trans-
port [82]. However, active secretion is not likely in a herbivore such as the rabbit. 
Unfortunately, similar studies in pars recta of rats or mice are lacking. However, sev-
eral authors reported an accumulation of urea in rat cortical slices or in rat medullary 
rays that suggest active urea uptake by proximal tubule cells [60, 112, 119–121].

In dogs (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, suggesting 
a specific regulation of this excretion (Fig. 13.8a) [111]. Fractional excretion of urea 
rises markedly after a protein meal, an effect also reproduced by a glucagon infusion 
(Fig. 13.8b) [2, 3, 83]. This suggests that glucagon, a hormone known to be secreted 
after a protein meal, may regulate the intensity of the active urea secretion [15].

Additional evidence for active urea secretion comes from micropuncture stud-
ies in rats. The fraction of the filtered load of urea remaining in the last accessi-
ble portion of the proximal tubule is about 50 %, whatever the intensity of urine 
concentration (Fig. 13.9a) [6]. The much higher fraction of urea seen in the early 
distal tubule means that a marked addition of urea occured in the loop of Henle 
(between the late proximal and the early distal tubules). However, when solute 
transport was selectively impaired in the pars recta by cisplatin treatment, the 
net addition of urea in the loop, observed in normal rats, was abolished and even 
reversed to a net reabsorption (Fig. 13.9b) [122]. This strongly suggests that the 
addition of urea into the loop of Henle, previously assumed to take place in the 
thin descending limb, is rather due to an active secretion into the pars recta.

Active urea secretion probably also occurs in the human kidney. This is suggested 
by the rare genetic anomaly resulting in azotemia without renal failure [5, 36, 65]. 
The affected subjects exhibit a selective threefold to fourfold elevation in plasma 
urea concentration without any other sign of renal dysfunction. The relationship 
between fractional urea excretion and urine flow rate is shifted down to 30–50 % 
lower values (Fig. 13.10). This suggests 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 [15, 58].

Altogether, these observations strongly suggest that active urea secretion in 
the pars recta is part of normal urea handling by the mammalian kidney. Although 
it has not been widely accepted up to now, it is not surprising to consider that urea 
is added to the tubular lumen by active secretion in order to improve the efficiency 
of its excretion, as is the case for other nitrogenous wastes (uric acid, ammonia). 
Figure 13.11 depicts the handling of urea according to this new concept [15]. Urea is 
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Fig. 13.8  Acute regulation of urea excretion. a Relationship between urea excretion and plasma 
urea concentration in one dog studied 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 (open circles). The influence of the protein meal clearly 
differed from that of the urea infusion. Reproduced from O’Connor and Summerill [111]. b Left 
influence of a protein meal on FEurea in three dogs (mean of 8 ~ 10 experiments per dog). Drawn 
after O’Connor and Summerill [111]. Right influence of an acute infusion of glucagon (solid 
line) or vehicle (dotted line) in anesthetized rats in two different studies (A and B). Both the meat 
meal and the infusion of glucagon increased FEurea by about 30 %. Reproduced from Bankir 
and Yang [15]. Original data from: O’Connor and Summerill [111] (top panel and left of bottom 
panel), Ahloulay et al. [3] and Knepper et al. [83] (right of bottom panel for experimental lines A 
and B, respectively)
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partly reabsorbed in the proximal convoluted tubule, secreted in the pars recta, then 
reabsorbed to a variable extent along the entire CD and reabsorbed in a vasopres-
sin dose-dependent process in the terminal IMCD. Countercurrent exchange of urea 
between ascending and descending vasa recta contributes to prevent the dissipation 
of the urea accumulated in the medulla. A mathematical model of urea handling in 
the renal medulla showed that this active urea secretion improves the excretion of 
urea in a minimum amount of water with little consequence on the excretion of 
sodium and other solutes [88] (see Chap. 3).

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 that 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). Importantly, this secreted urea originates in 
unknown proportions from a mixture of urea present 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 IMCD and flowing up in ascending vasa recta blood.

The amount of urea that could be added by secretion has been calculated, based 
on the micropuncture studies of Safirstein et al. in rats [122] and on studies of 
subjects with familial azotemia by Armsen et al. [6]. As much as two-thirds of the 
urea found in the urine of normal individuals may be due to the secretory process 
missing in azotemic subjects (Figs. 13.9 and 13.10). The calculation published 
earlier [14] suggests that an extraction by the medullary pars recta of 50 % of non-
previously filtered urea flowing in ascending vasa recta blood could account for 

Table 13.3  Fractional excretion of the main urinary solutes in rats with different urine-concen-
trating activity

Rats in steady state. Data based on two 24-h urine collection in metabolic cages
CA urine-concentrating activity. Fractional excretions (FEs) calculated using inulin clearance as 
a marker of glomerular filtration rate. Data from Bouby et al. [21]. 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 transporter

Low CA Normal CA High CA High/
low

ANOVA

Urine flow rate ml/d 20.3 ± 1.5 11.1 ± 1.0 5.57 ± 0.18 0.27 p < 0.001

Urine osmolality mOsmol/L 762 ± 44 1,526 ± 139 3,023 ± 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 4.3 ± 0.2 5.2 ± 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

FE K % 10.1 ± 1.4 6.9 ± 0.6 6.8 ± 0.6 0.68 p = 0.05

FE creatinine % 133 ± 12 107 ± 9 91 ± 6 0.69 p < 0.05

http://dx.doi.org/10.1007/978-94-017-9343-8_3
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the amount of urea likely secreted in the human kidney. But most likely a lower 
figure is required as urea secretion may also occur upstream in the medullary rays 
of the cortex and may also be involved in vasopressin-dependent recycling of urea 
issued from the IMCD. Red cells could also contribute significantly to supply urea 
during their relatively slow ascent in venous vasa recta because they express abun-
dant UT-B and may thus quickly equilibrate with surrounding plasma urea.

The transporter responsible for this active urea secretion has not yet been iden-
tified. SGLT1, a sodium–glucose cotransporter located in the S3 segment of the 
proximal tubule, has been shown in vitro to transport urea in addition to glucose 
[90, 113]. Interestingly, some homology has been found between SGLTs and 

Fig. 13.9  Evidence for urea secretion in the loop of Henle obtained in micropuncture experi-
ments in rats. a Fraction of filtered urea remaining in the late proximal tubule, the early 
distal tubule (close to the macula densa), and in urine of normal rats, plotted against the urine-
to-plasma ratio of inulin concentration (an index of water reabsorption and thus of tubular fluid 
or urine concentration). These data show that: (1) the delivery of urea in the late proximal tubule 
is equal to about 50 % of the filtered load over the whole range of urine concentration; (2) a very 
large secretion of urea occurs between the late proximal and the early distal tubule; (3) this addi-
tion increases with increasing urine concentration; and (4) the fractional excretion of urea in the 
urine falls with increasing urine concentration. For each value of the U/P inulin concentration 
ratio, the difference between early distal tubule and urine represents urea reabsorbed in the distal 
nephron and collecting duct. This reabsorption increases, and thus, the fractional excretion of 
urea declines, with increasing urine concentration (see also Fig. 13.10 showing a similar decline 
in humans). Based on data from [6]. Reproduced from [9]. b Net urea movement between the 
late proximal and the early distal tubule. 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 is 
impaired in the pars recta by cisplatin treatment, urea is largely reabsorbed. The magnitude of 
urea secretion in normal rats is thus equal to the difference between these opposite movements. 
Adapted from Safirstein et al. [122]
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DUR3, the active urea transporter identified in yeast (see Fig. 13-2 in [155]). In a 
recent review, we proposed that urea secretion in the mammalian pars recta could 
possibly occur through SGLT1 [15]. Further studies are needed to evaluate this 
hypothesis and/or to identify other possible membrane protein(s) that could be 
responsible for active urea secretion in this nephron segment.

Active Urea Secretion in the Terminal Inner Medullary 
Collecting Duct and Its Possible Extension in the Whole 
Urinary Tract, Including Bladder

Intriguingly, secondary active urea secretion has been characterized in vitro in 
the deepest subsegment of the rat IMCD, which is absent in earlier portions of 
the IMCD. Studies of isolated perfused terminal IMCDs have shown that it is a 
sodium–urea counter-transport taking place in the apical membrane [77]. This urea 
secretion is inhibited by luminal phloretin or triamterene and is stimulated by vas-
opressin added in the bath.

It is unexpected to find an active urea secretion in a tubule that expresses vas-
opressin-dependent facilitated UTs on both sides of the epithelium (see Chap. 4). 

Fig. 13.10  Fractional excretion of urea (FEurea) as a function of urine flow rate in healthy sub-
jects and subjects with familial azotemia. In normal subjects, FEurea is relatively high at high 
urine flows and declines sharply with declining urine flow because of more intense urea reab-
sorption in the CD. In subjects with familial azotemia, a similar flow-related decline is observed, 
suggesting that the handling of urea in the CD is normal, but the whole relationship is shifted 
toward lower values. The marked reduction of FEurea over the whole range of urine flows is prob-
ably due to the lack of urea secretion in patients with familial azotemia. Data taken from three 
independent studies from Germany [5] (circles), Italy [36] (squares), and USA [65] (triangles). 
Note that the remarkable agreement between the three studies

http://dx.doi.org/10.1007/978-94-017-9343-8_4
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These facilitated UTs are essential for delivering urea to the inner medulla and 
allowing the production of concentrated urine, as shown by their experimental 
deletion [43] (see Chap. 9). The amount of urea secreted via this active transporter 
is negligible compared to the 500-fold higher reabsorption mediated by the facili-
tated UTs [77]. Thus, the functional role of an active urea secretion in the terminal 

Fig. 13.11  Intrarenal urea handling and influence of protein intake. a Urea movements in a 
superficial and a juxta-medullary nephron (cortical segments of this nephron are not represented), 
vasa recta and collecting duct. About 50 % of the filtered urea is reabsorbed in the proximal con-
voluted tubule (thin black arrows) (see Fig. 13.9a). Active urea secretion most probably takes 
place in the pars recta of the proximal tubule (red arrows), thus adding significant amounts of 
urea in the nephron lumen. Some of this urea may be delivered via UT-A2 (curved black arrows) 
(1) to the countercurrent exchanger (green arrows) consisting of fenestrated ascending vasa recta 
(dotted lines) and descending vasa recta expressing UT-B and (2) to the IM. Some urea is reab-
sorbed passively along the whole collecting duct (thin black arrows). Concentrated urea is deliv-
ered to the terminal IM via UT-A1/3. This urea is taken up by ascending vasa recta but is partly 
returned to the IM via the countercurrent exchanger and via active secretion into the pars recta 
of both superficial and juxta-medullary nephrons. Thick arrows show the directions of tubule 
fluid flow. Kidney zones are as follows: C cortex, OS and IS outer and inner stripes of the outer 
medulla, respectively, IM inner medulla. b Results from a micropuncture study of fluid collected 
from the early distal tubule of rats fed a low or a high protein diet for 7–10 days. Na+ and Cl− 
concentrations were much lower on the high than on the low protein diet, due to more intense 
reabsorption in the thick ascending limb. But because total osmolality was similar on both diets, 
another osmole, most likely urea, must account for the difference (i.e., 26 and 67 mM on low and 
high casein diets, respectively). We assume that part of this urea enters the nephron lumen by 
an active secretion taking place in the pars recta of the proximal tubule and that this secretion is 
markedly stimulated on a high protein diet. Drawn after data from Seney et al. [132]

http://dx.doi.org/10.1007/978-94-017-9343-8_9
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IMCD is difficult to understand. Although not proposed by the authors, we pos-
tulated in a recent review [15] that this transport system might be similar to that 
functionally observed in the basolateral membrane of the elasmobranch gill [47] 
and might extend to the downstream urinary tract (see next section).

Possible Other Sites of Active Urea Transport in Mammals

In the last 20 years, studies of mRNA and protein expression show that facilitated 
UTs are present in a number of organs in which such transport had not been sus-
pected before. When UTs are expressed on both sides of epithelial or endothelial 
cells, they allow a rapid equilibration of urea concentration in these cells with the 
surrounding interstitium. In other cases, when a specific UT is localized only in one 
of the two membranes of an epithelium, it is conceivable that these cells also express 
an active UT on their opposite membrane, as is the case, for example, for glucose 
transport in the proximal convoluted tubule, with the active transporter SGLT2 on 
the apical membrane and the facilitated transporter GLUT2 on the basolateral mem-
brane [154]. We assume it may be the case in the urinary bladder and in the testis 
as explained below. We want however to state that this is still speculative. We hope 
these hypotheses will promote further research in these organs.

Urinary Bladder

In some organs, the presence of a facilitated UT is intriguing. This is the case for 
the bladder. UT-B is heavily expressed in the basolateral membrane of urothelial 
cells that line the lumen of the bladder. It is surprising to find a facilitated trans-
porter in an organ that needs to be urea-tight in order to keep highly concen-
trated urea in the urine for hours (see Fig. 13.12). The presence of UT-B makes 
more sense if one assumes that an active (or secondary active) urea transporter is 
expressed on the apical side of urothelial cells, which actively secretes urea into 
the lumen in order to counteract some urea leakage and thus prevent the dissipa-
tion of the high transepithelial gradient. This putative transporter could be the 
extension in the bladder of the active secretory transporter characterized in the 
inner most segment of the IMCD [77] (see above). This active transporter could 
be expressed along the papillary epithelium, the pelvis, ureter, and bladder; those 
tissues all express UT-B in their basolateral membrane. It might be homologous 
to the transporter functionally characterized in elasmobranch gills [47] because in 
both cases, the purpose is to prevent the dissipation of a strong urea concentra-
tion gradient between two fluids (urine and blood for the mammalian bladder, and 
blood and seawater for the elasmobranch gills).

The small urea leakage observed in the ureter or bladder [137, 150] may be the 
net result of two opposite movements almost compensating for each other, including 
a passive escape and a partial active recovery. During bladder infections, the bladder 
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becomes permeable to solutes. This could partly result from a significant down-
regulation of several transporters including this active urea transporter (see review 
in [15]). The existence of an active urea transporter in the urothelium could explain 
how bears can prevent a rise in uremia during hibernation. For several months during 
winter, bears do not eat, drink, defecate, or urinate. Even if the glomerular filtration 
rate declines markedly, some urine is still formed. But urinary water and solutes are 
entirely reabsorbed from the bladder [109, 110] returning urinary wastes and water 
into the blood. Creatininemia goes up, but uremia does not [138]. The leakiness of the 
urinary bladder could result from a temporary inactivation of transporters that, when 
active, prevent the dissipation of concentrated solutes from the lumen to the surround-
ing interstitium and blood. Urea leaking from the bladder can be degraded by the 
intestinal microflora, allowing reuse of urea nitrogen for the sake of the bear’s metab-
olism. This explains how bears loose very little muscle mass during hibernation [138].

Testis

Also not expected before the availability of molecular tools, facilitated UTs 
have been found in the testis of rats and mice [46]. UT-A5 is expressed in the 

Fig. 13.12  Large urea concentration gradient between bladder and blood. Rounded values cor-
responding 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, and the facilitated urea transporter UT-B is expressed 
on the basolateral 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 the urea that is at risk of diffusing out of the bladder
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seminiferous tubules, and its progressive expression with age parallels that of sem-
iniferous tubule fluid movement [44]. Interestingly, evidence for active urea trans-
port has also been described in the testis [64, 145], and accumulation of urea above 
the plasma concentration has been reported in the mouse testis [52]. This makes us 
assume that active urea secretion might occur in the seminiferous tubes and could 
induce fluid secretion into the lumen to initiate sperm flow, in a way similar to that 
observed in the proximal tubule of aglomerular fish [16, 17] or in the mammalian 
pars recta [55, 56]. The secretion of an osmotically active compound drives water 
iso-osmotically and thus creates a flow of fluid in the lumen of the structure.

Active Urea Secretion, Vasopressin, and Glomerular 
Filtration Rate

The catabolism of dietary carbohydrates and lipids produces only CO2 and H2O 
(= metabolic water), which are easily excreted by the lungs and kidneys, respec-
tively. In contrast, the catabolism of proteins produces a number of end-products 
that are excreted by the kidneys: urea, ammonia, uric acid, phosphates and sul-
fates, protons, etc. Moreover, because the concentrations of these solutes in plasma 
and extracellular fluids are relatively low (a few mM or even µM), their renal 
excretion imposes a need to concentrate them in the urine far above their concen-
tration in the plasma for the sake of water conservation (see Table 2 in [10]).

A single protein-rich meal, or an amino acid infusion, is known to induce a 
transient rise in glomerular filtration rate (GFR) (often referred to as “hyperfiltra-
tion”) [20, 54, 57]. A sustained high protein intake (but not a high carbohydrate or 
lipid intake) induces marked kidney hypertrophy [98] and a permanent increase 
in GFR [51, 91]. Urinary concentrating ability is also enhanced by a high pro-
tein intake, as reported in rats, sheep, dogs, and humans [25, 42, 61, 116, 129]. 
These changes are absent when a high protein diet is fed to Brattleboro rats with 
hereditary central diabetes insipidus [24] or in rats with a lithium-induced uri-
nary concentrating defect [31], thus showing that vasopressin and a normal urine-
concentrating activity is required for these protein-induced changes [13, 24]. The 
need to concentrate the protein-derived end-products in the urine probably plays 
a role in the kidney hypertrophy and hyperfiltration observed in response to pro-
tein intake [8, 14]. On the other hand, a chronic stimulation of the urine-concen-
trating mechanism (by infusion of a vasopressin V2 receptor agonist or by partial 
water deprivation) increases GFR [21] and induces kidney hypertrophy similar 
to those induced by a high protein intake, with a marked increase in the medul-
lary thick ascending limb volume and enzymatic activity [12, 13, 22, 23, 25, 144]. 
Conversely, after the surgical or chemical ablation of the inner medulla, which 
markedly reduces the ability to concentrate urine, both GFR and kidney weight are 
reduced (see review in Table 3 of [13]).

The mechanism of the protein-induced increases in GFR and kidney hypertro-
phy is not fully understood. It probably implies several hormones and a cascade 
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of mediators. Two possible candidate hormones are glucagon and vasopressin act-
ing in conjunction, as explained below. Glucagon, a hormone secreted after a pro-
tein meal, promotes in a coordinated fashion urea formation in the liver and urea 
excretion by the kidney to get rid of excess amino acid nitrogen [2, 3]. Studies in 
humans suggest that it probably plays a role in hyperfiltration [38, 50, 54], a way 
to speed up urea excretion. As explained above, glucagon may also favor active 
urea secretion in the pars recta. Plasma vasopressin is also increased after a single 
protein meal [57] or by a high protein intake [29, 37]. This favors the excretion 
of urea with a significant economy of water [8, 14] Thus, vasopressin, through its 
action on urea handling in the kidney most probably, plays a role in the protein-
induced rise in GFR [8, 10, 14].

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 
[132]. They showed that the sodium and chloride concentrations in the early distal 
tubule (the closest accessible site to the macula densa) were much lower on a high 
than on a low protein diet (44 vs 63 mM for sodium and 32 vs 54 mM for chlo-
ride). See Fig. 13.11b. But interestingly, they also observed that the osmolality of 
the tubular fluid was identical in the two conditions (145 mosm/kg H2O) [132]. 
This means that another solute was present in the tubular fluid in a much higher 
concentration on the high than on the low protein diet. Subtracting sodium and 
chloride from osmolality gives 67 versus 26 mM for the missing solute, respec-
tively. This solute is obviously urea, which is excreted in much larger amount on a 
high protein intake (Fig. 13.11b). It is well proven that urea, after some reabsorp-
tion in the proximal tubule, is added in the loop of Henle so that its flow rate is 
greater in the early distal tubule than in the late proximal tubule (see Fig. 13.9a, b). 
The magnitude of this addition increases with urine concentration (Fig. 13.9a) and 
is larger in desert-adapted rodents than in other species [148]. It is also obviously 
dependent on the level of protein intake in a given species.

In both wild-type mice and mice with UT-A1/3 knockout, a high protein intake 
induced a significant rise in GFR [45]. This led the authors to conclude that the 
tubular recycling of urea released in the deep inner medulla through UT-A1/3 does 
not participate in the protein-induced rise in GFR [45] (see Chap. 9), as had been 
previously proposed [14, 21, 156]. In any case, this route of urea recycling was 
no longer valid because it involved the reintroduction of urea in the thin descend-
ing limbs of short-looped nephrons through UT-A2, a hypothesis not confirmed 
by observations in UT-A2 null mice (see above and [15]). It is now very likely 
that urea is added by active secretion in the pars recta, a vasopressin-independ-
ent step. The protein-induced rise in glucagon may favor this secretion. In mice 
with UT-A1/3 knockout, the protein-induced hyperfiltration was 25 % lower than 
in wild-type mice [45]. The lack of significance of this 25 % difference may be 
due to the small number of mice (5 per group) and the large inter-individual vari-
ability of such an in vivo measurement. There is a significant permeability to urea 
of the terminal IMCD, even in the absence of vasopressin stimulation [124]. This 
permeability is probably independent of the facilitated UTs and thus may play a 

http://dx.doi.org/10.1007/978-94-017-9343-8_9
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role in UT-A1/3 knockout mice. Noteworthy, the urine/plasma ratio of urea con-
centration on a 40 % protein diet reached 73 ± 6 in the knockout mice, a value 
40 % of that in wild-type mice, suggesting some ability to concentrate urea, even 
in the absence of the IMCD facilitated UTs (Table 2 in [45]). Moreover, vasopres-
sin (increased by a high protein diet) may further favor a higher urea/Na ratio at 
the macula densa by its influence on thick ascending limb hypertrophy [12, 23] 
and increased enzymatic activities (see review in Table 2 of [13]) and by its direct 
stimulation of sodium reabsorption in this nephron segment [103]. This is sup-
ported by a recent mathematical modelization [89]. These enhanced glucagon 
and vasopressin actions, both occurring upstream of the macula densa, may thus 
reduce the intensity of the TGF signal, even in mice with UT-A1/3 deletion. These 
hypotheses need to be confirmed.

When micropuncture is not available, it is not possible to know the urea con-
centration at the macula densa or in the early distal tubule. In classical clearance 
experiments, 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 concen-
tration of urea that probably occurs at the macula densa. In several conditions in 
rats and humans, striking significant correlations have been observed between 
GFR (measured by inulin clearance) and the U/P urea ratio or between the change 
in GFR (=hyperfiltration) and the change in this ratio in response to a glucagon 
infusion (see figures in [3, 21, 57]). Even if the mechanisms and factors ultimately 
responsible for the protein-induced rise in GFR are not elucidated yet, a role for 
a vasopressin-dependent action and its influence on intrarenal urea (and sodium) 
handling is highly likely because this rise in GFR is highly correlated with the U/P 
concentration ratio of urea and is not observed in Brattleboro rats lacking vaso-
pressin [24].

Perspectives

There is a marked contrast between the major role of the kidney in the excretion of 
nitrogen end-products, urea being quantitatively the dominant one, and our rela-
tive lack of knowledge about how urea is handled in the kidney and the mecha-
nisms that allow its excretion with a very significant economy of water. The vast 
amount of information that has been accumulated over the last 20 years about 
facilitated UTs and the consequences of their invalidation brought very significant 
knowledge, but provided only a partial picture of urea handling by the mammalian 
kidney.

The observations reported in this chapter indicate that, without any doubt, sev-
eral active (or secondary active) urea transporters (or transport systems) exist in 
the mammalian kidney and possibly in other organs, as well as in several tissues 
in lower vertebrates. Figure 13.13 shows the localization of these transporters in 
the mammalian nephron and collecting duct, in parallel with that of the facilitated 
transporters. In spite of the abundant functional evidence for their existence, no 
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active UT has been identified yet and no indices have been obtained as to their 
possible molecular structure. Only preliminary studies have attempted to isolate 
one of them [7, 30, 123].

The search for active UT transporters may be specially difficult if they require 
the assembly of several subunits to be functional (like is the case for example for 
Na+-K+-ATPase or ENaC). Moreover, they might also transport other solutes and 
have been misidentified up to now. For example, the uric acid transporter GLUT9 
(SLC2A9) was initially considered to be a glucose/fructose transporter [28, 115, 
149]. In that case, human genetic diseases helped elucidate the real role of this 
transporter. For urea, no clue is provided by human genetic studies up to now. No 
known human disease is associated with abnormal active UT except for familial 
azotemia (see above). Because this anomaly does not lead to a severe phenotype, 
it may remain undetected in a number of cases. Mutations in the genes coding for 
other active UTs either may have no serious consequences on the health of the car-
riers, or may induce a premature death during embryonic life.

Many other membrane transporters have been initially cloned in lower organ-
isms. The same strategy could be applied here. The search for the high-affinity, 
low-capacity active UTs might take advantage of the high expression level that 
probably characterizes the elasmobranch gills. The low-affinity, high-capacity 
active UT may be easier to isolate from the amphibian kidney. In both cases, the 

Fig. 13.13  Localization of facilitated UTs (a) and active UTs (b) along the nephron, collecting 
duct and vasa recta. The active UTs (X, Y, and Z) have not yet been molecularly characterized, 
and the sites of their expression are not fully or well delimited (as indicated by quotation marks)
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osmolarity concentration and urea concentration in the surrounding or extracellu-
lar fluids are easier to manipulate than in mammals. We hope that this chapter will 
encourage further research in this field.
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Abstract Aquaporins (AQPs) are a family of membrane water channels that 
basically function as regulators of intracellular and intercellular water flow. To 
date, thirteen aquaporins have been characterized. They are distributed wildly 
in specific cell types in multiple organs and tissues. Each AQP channel con-
sists of six membrane-spanning alpha-helices that have a central water-trans-
porting pore. Four AQP monomers assemble to form tetramers, which are the 
functional units in the membrane. Some of AQPs also transport urea, glycerol, 
ammonia, hydrogen peroxide, and gas molecules. AQP-mediated osmotic water 
transport across epithelial plasma membranes facilitates transcellular fluid 
transport and thus water reabsorption. AQP-mediated urea and glycerol trans-
port is involved in energy metabolism and epidermal hydration. AQP-mediated 
CO2 and NH3 transport across membrane maintains intracellular acid–base 
homeostasis. AQPs are also involved in the pathophysiology of a wide range 
of human diseases (including water disbalance in kidney and brain, neuroin-
flammatory disease, obesity, and cancer). Further work is required to determine 
whether aquaporins are viable therapeutic targets or reliable diagnostic and 
prognostic biomarkers.
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Genes and Proteins of Aquaporins

Discovery of Aquaporins

The existence of a water channel protein had been predicted since the early 1950s. The 
molecular identity of membrane water channels remained elusive until the pioneering dis-
covery of AQP1 by Agre and colleagues around 1988–1992. They purified a novel protein 
from the red blood cell membrane [32], with a non-glycosylated component of 28 kDa, 
and a glycosylated component migrating as a diffuse band of 35–60 kDa. This protein was 
first known as “CHIP28” (channel-like integral protein of 28 kDa), but was later renamed 
aquaporin-1 or AQP1. Using the Xenopus laevis oocyte expression system and AQP1-
reconstituted liposomes as mechanisms to study water transporters, Preston and Agre 
[139], Preston et al. [140], and Zeidal et al. [207] confirmed that CHIP28 functions as a 
molecular water channel, which is both necessary and sufficient to explain the well-rec-
ognized membrane water permeability of the red blood cell. This laid the groundwork for 
the identification of a number of related water channels by homology cloning and other 
means, which has led to the understanding that aquaporins (AQPs) play essential roles in 
transmembrane and transepithelial water transport in the tissues where they are expressed.

General Features of Aquaporins

Aquaporins are present in all membranes where a rapid (or regulated) passage of water 
molecules (or other small molecules) is required to allow the functions of these cells 
and membranes to be performed. The water channels have basic roles that alleviate 
the osmotic stress accompanied by the movement of ions though membranes in signal 
transduction, energy production, and other cell activities [6]. To date, 13 water channels, 
AQP0 through AQP12, have been identified and they distribute extensively in human 
tissues (Table 14.1), implicating important physiological significance in humans.

Sequence analysis of AQP1 demonstrated that AQP protein subunits comprise 
six α-helix transmembrane domains with two conserved asparagine–proline–ala-
nine (NPA) motifs embedding into the plasma membrane, a signature sequence 
of water channels, as well as five loops (A through E) and intracellular N- and 
C-termini. The amino acid sequences of human AQPs are approximately 30–50 % 
identical. Conformational changes of AQP structure may permit other molecules 
to pass through the plasma membrane, such as urea, glycerol, H2O2, and CO2.

Classification of Aquaporins

Based on these primary sequences, AQPs are subdivided into three subfamilies—  
aquaporins, aquaglyceroporins, and superaquaporins (Table 14.1). The first sub-
family are the aquaporins, the water selective or specific water channels, also 
named as “orthodox,” “classical” aquaporins, including AQP0, AQP1, AQP2, 
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AQP4, AQP5, AQP6, and AQP8. This subfamily of AQPs has been extensively 
studied and has helped define the gene and protein expression of AQPs in tissue, 
cellular, and subcellular localizations, as well as their potential roles in physio-
logical and pathophysiological processes. The association of mutations of genes 
encoding AQPs with human hereditary disorders and detailed phenotype analysis 
of transgenic mice lacking genes encoding AQPs has also aided our understanding 
of AQP function, especially in water homeostasis [160, 172].

The second subfamily is represented by aquaglyceroporins, which are perme-
able to water (to varying degrees), but also to other small uncharged molecules 
(ammonia, urea, and in particular, glycerol). They also facilitate the diffusion of 
charged and non-charged molecules of the metalloids, arsenic, and antimony and 
play a crucial role in metalloid homeostasis [11]. The aquaglyceroporins, includ-
ing AQP3, AQP7, AQP9, and AQP10, can be distinguished from aquaporins based 
on amino acid sequence alignments [15]. The first mammalian aquaglyceroporin 
to be cloned, AQP3, is permeable to glycerol, urea, and water [37, 68, 95, 197]. 
AQP7 and AQP10 transport water, glycerol, and urea when expressed in Xenopus 
oocytes [66, 67]. AQP7 has a variant NPA box. The proline in the first NPA box is 
changed to an alanine, thereby changing the first NPA motif to NAA, whereas a 
serine replaces the alanine in the second NPA box, resulting in an NPS motif [80]. 
AQP9 transports water, glycerol, and urea, but also is permeable to a wide range 
of other solutes in oocytes [170]. AQP9 exhibits high homology to AQP3 (48 %), 
AQP7 (45 %), and to the amino acid residue region 20–281 of AQP7 (76 %) 
and has less homology with other aquaporins, including AQP1 (33 %) [3, 170]. 
However, potentially physiological roles of most aquaglyceroporins in transport-
ing glycerol and urea are less understood.

In addition to aquaporins and aquaglyceroporins, a third subfamily of related 
proteins was discovered later [68] that have little conserved amino acid sequences 
around the NPA boxes. They are unclassifiable to the first two subfamilies. 
Originally, this subfamily included mammalian AQP11 and AQP12 and was called 
“superaquaporins.” Their NPA boxes, however, are quite different from those of 
previous AQPs (less than 20 % homology at amino acid level), which indicates 
that they belong to a supergene family of AQPs. Although they are grouped in a 
single subfamily, there are few homologies between them [62, 63].

Genetic Variations of Aquaporins

Genetic variants of AQPs may result in a disturbance of molecular selectivity and 
transport by AQPs; disruption of the formation of tetramers or arrays; and mis-
folding, faulty sorting, or other dysfunction of AQPs [160]. Cellular and human 
studies of naturally occurring and synthetic mutations have provided great insight 
into the biology and phenotypic associations of these proteins. While genetic vari-
ation in some human AQPs is well characterized, other AQPs are less understood. 
AQP2 has been most frequently studied due to its many variants and their roles in 
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nephrogenic diabetes insipidus. Natural human variants have also been character-
ized in AQP0, AQP1, and AQP4 [161], which are associated with cataracts, the 
Colton blood group, and likely water imbalance in the brain, respectively. Natural 
human variants in AQP3 and AQP7 are shown to be associated with the GIL blood 
group [149] and abnormal glycerol metabolisms. There are also single uncharac-
terized variants in AQPs [160], for which functional significance is still unknown. 
Improved understanding of the function and variation in AQP genes will lead to 
novel insights for the diagnosis and treatment of human disease.

Water Transport Property of Aquaporins

While osmotically driven transmembrane water movement can occur via sim-
ple diffusion through the lipid bilayer, the selective membrane water permeabil-
ity required for rapid and regulated physiologic processes such as secretion and 
reabsorption requires facilitation through proteinaceous water pores. Many AQP 
channels are thought to have an exquisite specificity for water (also glycerol, urea, 
gas, etc.) and are capable of rapidly transporting it in response to changes in tonic-
ity; evidence suggests that they make a critical contribution to the regulation of 
transcellular water flow [28, 80].

Structure of Aquaporins

Overall AQP structure is largely conserved among the various AQP classes, spe-
cies, and isoforms, despite significant differences in sequence similarities. 
Structural studies have provided a relevant insights regarding the determining 
requirements that enable homotetramer formation, the quaternary structure that 
actually enables water transport activity in animal AQPs [110, 157].

All the members of the AQP family are small, very hydrophobic, intrinsic 
membrane proteins, which are present in the membrane as tetramers, each of 
them constitutes a channel [127, 174]. AQP family proteins have six membrane-
spanning helices connected by five loops and have intracellular N- and C-termini 
(Fig. 14.1a) [1, 74, 127, 174]. Loops B and E feature short helical subunits that 
penetrate the plasma membrane, and interact with each other at highly con-
served Asn-Pro-Ala (NPA) repeats, which are the signature sequences for AQPs 
(Fig. 14.1a). The six transmembrane domains, and B and E loop helices, form a 
compact channel, with the interacting NPA repeats marking its narrowest point 
(Fig. 14.1a). The protein further self-assembles into a tetrameric biological 
unit, where in addition to the four substrate channels (Fig. 14.2a), an additional 
tetrameric pore is formed, which is thought to be responsible for the transloca-
tion of dissolved gasses and ionic species (Fig. 14.2b) [61]. AQP4, on the other 
hand, forms larger oligomeric structures in the plasma membrane, also called 
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orthogonal arrays (clusters of intramembrane particles in a special systematic/geo-
metric organization) [189], which may suggest a possible role of AQP4 in mem-
brane junction formation in vivo [84, 176]. The AQPs also share another highly 
conserved sequence, the aromatic/arginine (ar/R) region, which exits at the extra-
cellular side of the channel and constitutes the selectivity filter of the protein 
(Fig. 14.1b), based on a comparison of the diameter of ar/R between AQP1 and 
the aquaglyceroporins. In aquaporins, there are two NPA boxes, the “signature” 
sequence for aquaglyceroporins is the aspartic acid residue in the second NPA 
box, which expands the pore to accept larger molecules such as glycerol [65].

Mercurial reagents such as HgCl2 inhibit water channel-mediated water perme-
ability. In AQP1, the residue Cys189 is the site of mercurial binding and water 
transport inhibition (Fig. 14.1a) [74, 140]. This inhibition mechanism was eluci-
dated recently by molecular dynamics simulations [58], which show that the pore 
is collapsed by conformational changes at the ar/R region, where the mercury-sen-
sitive cysteine residue is located. By binding to cysteine residues, mercury inhibits 
water and glycerol transport by mammalian AQPs [83], and both nickel and cop-
per cations inhibit glycerol permeability in human lung epithelial cells by interfer-
ence with the extracellular amino acids Trp128, Ser152, and His241 [208, 210]. 

Fig. 14.1  Secondary structure and topology of an aquaporin molecule. a AQPs have six mem-
brane-spanning regions, both intracellular amino and carboxy termini, and internal tandem 
repeats. The tandem repeat structure with two asparagine-proline-alanine (NPA) sequences has 
been proposed to form tight turn structures that interact 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 that resembles an “hourglass.” 
[Reproduce with permission from (Nielsen et al. 1999)]. b A ribbon model of AQP1 using a 
rainbow color scheme from N-terminal to C-terminal. The narrowest region in the AQP1 pores, 
termed ar/R, is located close to the extracellular entrance of the pore. The NPA motifs are shown 
in light blue and the Arg195 is shown in magenta. [Reproduce with permission from (Tani and 
Fujiyoshi 2014)]
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However, it was demonstrated that not all AQPs are inhibited by HgCl2, such as 
AQP4 [189] and AQP6. The characteristic case is AQP6, whose water permeability 
is increased in the presence of this mercurial agent [205].

Water Transport by Aquaporins

Molecular dynamic simulations enabled us to understand more details about aqua-
porin function. 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 [29]. Water flux through AQPs may therefore be roughly 
considered to occur by single-file permeation. The ordered water structure in the 

Fig. 14.2  Structures of AQP1 showing the typical AQP fold. a AQP1 is a multisubunit oli-
gomer that is organized as a tetrameric assembly of four identical polypeptide subunits with 
a large glycan attached to only one and each AQP1 monomer transports water (Adapted from 
Nielsen et al. [127]). b AQP1 tetramer in membrane from top view. Gas molecules (e.g., CO2) 
are thought to entry AQP1 though the central pore
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channel is ensured by the frequent arrangement of hydrogen bond partners along the 
pore, which also compensate for the loss of solvation when water molecules enter the 
channel. The dipoles of the two half helices B and E generate an electrostatic field 
inside the pore, which make the water dipoles rotate by 180° upon permeation [60].

Water transport by aquaporins was first confirmed in biophysical function stud-
ies of AQP1. Expression of AQP1 in X. laevis oocytes demonstrated that AQP1-
expressing oocytes exhibited remarkably high osmotic water permeability, causing the 
cells to swell rapidly and explode in hypotonic buffer. The osmotically induced swell-
ing of oocytes expressing AQP1 occurs with low activation energy and is reversibly 
inhibited by HgCl2 or other mercurials. Liposomes reconstituted with AQP1 showed 
extremely high water permeability which is dramatically and reversibly reduced by 
HgCl2 [207]. Zeidel et al. also demonstrated that AQP1 proteoliposomes are not per-
meable to various small solutes or protons, thus revealing that AQP1 is water selective.

Urea, Glycerol, Other Polyols, and Gas Transport 
Mediated by Aquaporins

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. Whether and under which conditions AQPs facilitate 
gas transport remains under debate [60].

Aquaporins and Urea Transport

The human aquaporins AQP3, AQP7, AQP9, AQP10, and possibly AQP6 are per-
meable to urea, but the possible role of these aquaporins in urea transport is not 
fully understood.

The urea transporters (UTs) and the urea-permeable aquaporins are not usually 
colocalized to the same extent in tissue, with an exception that AQP3 and UT-A3 
express in the basolateral membrane of inner medullary principal cells. It is likely 
that there is no functional overlap of UTs and aquaporins in the kidney. The eryth-
rocyte expresses the urea transporter UT-B [5] and the urea-permeable AQP9 [93]. 
The ability to transport urea would mitigate osmotic shrinkage of erythrocytes 
while passing through the kidney, although AQP9 in erythrocytes may function 
more for the passage of glycerol. The interdependence of the two modes of trans-
port has not been investigated. Interestingly, direct functional evidence for UT-B-
facilitated water transport in erythrocytes was demonstrated in double knockout 
mice lacking both AQP1 and UT-B, suggesting that urea traverses an aqueous 
pore in the UT-B protein [198], although water movement through UT-B is very 
unlikely to be physiologically important in erythrocytes. AQP10 is only found in 
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the small intestine. Initial studies in Xenopus oocytes determined that the shorter 
form of AQP10 has low water permeability and no permeability to urea or glycerol 
[52], while the longer form transports water, urea, and glycerol [67]. The function 
and regulation of AQP10 in urea transport is less extensively studied.

In the kidney, it has been proposed that the urea that is reabsorbed from the 
thick ascending limbs enters the neighboring proximal straight tubules; thus, com-
plete recycling occurs between the descending limbs and ascending limbs of the 
loop, with AQP7 acting as a component of the pathway for urea in the proximal 
straight tubules [64]. However, plasma and urine urea levels in AQP7 knockout 
mice did not differ from those in wild-type mice [158, 159], and there was also 
no difference between AQP7 knockout and wild-type mice in the urea content of 
the papilla, either. 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 wild-type mice. They also did not show a urine concentrating 
defect with a low-protein diet and dehydration. Therefore, so far, there is no evi-
dence that AQP7 plays a role in urea recycling in the kidney in vivo.

AQP9 is a urea-permeable protein that is localized at the basolateral membrane of 
hepatocytes [39]. Ketogenic and high-protein diets, which are associated with increases 
in plasma β-hydroxybutyrate and urea levels, respectively, do not alter AQP9 levels in 
rat liver [21], indicating that urea transport is not the primary function of AQP9 in the 
liver. Consistently, AQP9 null mice do not show any different levels of plasma or tis-
sue urea [148]. A recent study on AQP9−/− and UT-A1/3−/− knockout and AQP9−/−/
UT-A1/3−/− double knockout mice show that an unidentified UT-A urea channel con-
stitutes a primary but redundant urea facilitated transporter in murine hepatocytes, in 
addition to AQP9, for the export of urea to the blood [73]. This suggests that a primary 
function of AQP9 may be to make glycerol available for gluconeogenesis in hepato-
cytes, but AQP9 does not contribute to the removal of urea from the liver.

Interestingly, however, AQP3, AQP7, and AQP9 appear to play roles in urea 
transport in skin. All three AQPs are upregulated in normal human keratinocytes 
after stimulation with relatively low doses of exogenous urea [47]. Mercury, 
nickel, and copper cations that are known to inhibit water and glycerol trans-
port by mammalian AQPs and significantly inhibited 14C-labeled urea uptake 
into keratinocytes, indicating that AQPs also contribute to the net uptake of urea 
by keratinocytes. The study also suggested that uptake of urea through UTs and 
AQPs improves epidermal barrier function and plays an important role in keratino-
cyte differentiation, lipid synthesis, and maintenance of epidermal homeostasis 
(Fig. 14.3). In pancreas, urea (or glycerol) can activate beta cells via rapid uptake 
across the beta-cell plasma membrane, probably via AQP7, resulting in cell swell-
ing, volume-regulated anion channel activation, electrical activity, and insulin 
release [9]. Mice with AQP3 deletion, which have nephrogenic diabetes insipi-
dus under normal conditions, can actually concentrate urine to a high level when 
given a urea load but at the expense of a reduction in the excretion of other solutes. 
The capacity of urea to enhance the concentration of non-urea solutes may rest on 
AQP3 and its capacity to transport both urea and water [214].
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Although so far there is no evidence showing that aquaporins play dominant 
roles in urea transport in normal conditions, it is still unknown whether aquaporins 
are in coordination with UTs in urea transport in pathophysiological conditions.

Aquaporins and Glycerol Transport

Aquaporin AQP3, AQP7, AQP9, and AQP10, also called aquaglyceroporins, 
encompass a subfamily of aquaporins that allow the movement of water and other 
small solutes, especially glycerol, through cell membranes.

Circulating glycerol results from fat lipolysis, diet-derived glycerol or glyc-
erol reabsorbed in the proximal tubules [144]. Glycerol represents an important 
metabolite for the control of fat accumulation and glucose homeostasis, given that 
glycerol constitutes the major substrate for hepatic gluconeogenesis during fasting. 
In addition, glycerol serves as an energy substrate for pancreatic cells and cardio-
myocytes via the glycerol-3-phosphate shuttle, a reaction that allows the NADH 
synthesized in the cytosol by glycolysis to contribute to the oxidative pathway in 
the mitochondria to generate ATP [57]. Thus, the regulation of glycerol transport 
by aquaglyceroporins contributes to the control of energy production, metabolism, 
and homeostasis, as well as insulin secretion and other functions.

Fig. 14.3  Proposed mechanism of AQP3 function in epidermis. AQP3 facilitates water and glyc-
erol transport from blood and sebaceous glands to keratinocytes. Steady-state glycerol content 
in epidermis and stratum corneum maintain skin hydration, lipid metabolism, and biosynthesis. 
AQP3-mediated transport of water and glycerol is also involved in proliferation and differen-
tiation of keratinocytes. UT-A1, UT-A2, and AQP3 facilitates urea uptake in skin, which may 
induce keratinocyte differentiation and improve barrier and antimicrobial defense function of 
skin. Urea transporter (UT)
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Aquaglyceroporins display characteristic subcellular localization in murine 3T3-
L1 adipocytes. AQP3 is present in the plasma membrane and cytoplasm, AQP7 
resides predominantly in the cytoplasm upon the lipid droplets, whereas AQP9 
is constitutively expressed in the plasma membranes [144]. The main function of 
aquaglyceroporins in adipocytes is the control of glycerol uptake and release, which 
is involved in lipogenesis and lipolysis [102], and is regulated by lipogenic (mainly 
insulin) and lipolytic (by leptin and catecholamines) hormones. The liver plays 
another central role in glycerol metabolism, where glycerol enters hepatocytes via 
AQP9, and is converted into glycerol-3-phosphate for gluconeogenesis and triglyc-
eride synthesis. AQP9 is localized at the sinusoidal plasma membrane that faces the 
portal vein and therefore constitutes the most important glycerol channel in hepato-
cytes [21, 39] (Fig. 14.4). Therefore, promoting AQP3 and AQP7-facilitated glyc-
erol efflux from adipose tissue, while reducing the glycerol influx into hepatocytes 
via AQP9 may prevent the excessive lipid accumulation and the subsequent aggra-
vation of hyperglycemia in human obesity [102, 113, 144] (see below).

Aquaporins and Ammonia Transport

Several AQPs are able to transport ammonia (NH4
+) [92], including AQP3, AQP7, 

AQP8, AQP9, and AQP10. The ammonia-permeable aquaporins have a distinct 
ar/R region, a major size-limiting filter, compared to the aquaporins permeable to 
water. In these AQPs, the amino acid residues of this filter allow larger substrates 

Fig. 14.4  Coordinated regulation of adipose tissue AQP7 and liver AQP9 in glycerol metabo-
lism. AQP7 facilitates glycerol exit from adipocytes, preventing intracellular glycerol and triglyc-
eride accumulation. AQP9 in the liver contributes to the entry of portal glycerol into hepatocytes, 
where glycerol is one of the substrates for gluconeogenesis. Insulin inhibits expression of AQP7 
and AQP9, suppresses release of glycerol from the adipose and transport of glycerol to the liver 
as well as gluconeogenesis in the liver
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to pass. In mammals, the membrane proteins of the Rhesus-type (Rh) were found 
to function as ammonia transporters as well as giving rise to the antigens of the red 
blood cells [92]. Ammonium is potentially toxic, yet is an essential component in 
amino acid metabolism. As a consequence, transport of ammonia has to be regu-
lated precisely so that plasma ammonia concentration is kept low. Interestingly, 
the ammonia-permeable aquaporins and the Rh proteins RhAG, RhBG, and RhCG 
are found colocalized in tissues involved in ammonia transport. In the liver, RhBG 
is localized to the basolateral membrane of the perivenous hepatocyte together 
with AQP9 [21]. In the kidney, RhBG is found basolaterally in the collecting duct 
[186] where it overlaps to some degree with AQP3. These facts may suggest coor-
dination between AQPs and Rh proteins during ammonia transport. The paral-
lel location of the ammonia-permeable aquaporins and the Rh group of proteins 
applies to the cells associated with either nitrogen homeostasis or high rates of 
anabolism.

As it is located in basolateral membrane of principal cells in cortical and outer 
medullary collecting ducts, AQP3 could play a direct role in the final steps of acid 
secretion via NH4

+, which take place across the collecting duct epithelium [92]. In 
a well-established metabolic acidosis rodent model induced by NH4Cl in drinking 
water, AQP3 protein was significantly upregulated [132]. It is, therefore, expected 
that AQP3 knockout mice may have impaired urinary acidification.

Permeability of AQP7 to glycerol and ammonia suggests a role in carbo-
hydrate and amino acid metabolism in adipose, liver, and skeletal muscles. In 
the liver, AQP8 can be found in the mitochondria of hepatocytes [19], suggest-
ing a direct role for the uptake of NH4

+ to supply the urea cycle. In hepatocyte 
mitochondrial, AQP8 was recently shown to facilitate the mitochondrial uptake 
of ammonia and its metabolism into urea. This mechanism may be relevant to 
hepatic ammonia detoxification and in turn, avoid the deleterious effects of hyper-
ammonemia [162], although an early study did not support the physiological sig-
nificance of NH3 transport facilitated by AQP8 in mice [201]. In the liver, AQP9 
localized in the hepatocyte plasma membrane facing the sinusoids [21, 148] and 
may mediate ammonium transport from the blood into the periportal hepatocytes 
for metabolism; urea produced in the urea cycle may leave the cell again via 
AQP9 [21, 148].

Aquaporin and Transport of Other Polyols

AQP9 shows a unique feature of being permeable to mannitol, sorbitol [171], 
purines (adenine), pyrimidines (uracil, 5-fluorouracil), and monocarboxylates (lac-
tate, β-hydroxybutyrate). It is interesting to note that the coefficient of AQP9 dif-
fusion for lactate and β-hydroxybutyrate is dependent on pH with a significantly 
increased permeation in low pH [170], suggesting that monocarboxylates can be 
transported via AQP9 only in the protonated form.
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Aquaporin and H2O2 Transport

Reactive oxidative species (ROS) activate components of diverse signaling path-
ways and trigger the expression of specific genes required for cellular and meta-
bolic adaptation. H2O2, one of the most abundant and stable ROS molecules in 
organisms, possesses reducing and oxidizing properties that are important for 
its multiple intracellular and intercellular functions. Evidence shows that sev-
eral AQPs may mediate H2O2 transport across the plasma membrane. Silencing 
AQP8-inhibited H2O2 entry into HeLa cells and also inhibited the H2O2 spikes and 
phosphorylation of downstream proteins induced by epidermal growth factor [8]. 
Studies on human hepatoma HepG2 cells suggest that mitochondrial AQP8 facil-
itates mitochondrial H2O2 release and that its defective expression causes ROS-
induced mitochondrial depolarization via the mitochondrial permeability transition 
mechanism and cell death [105, 106]. Endogenous AQP3 expression modulates 
intracellular H2O2 accumulation and thus influences downstream cell signaling 
cascades [112]. AQP3-mediated H2O2 uptake is also required for chemokine-
dependent T cell migration in sufficient immune response [49]. Taken together, 
AQP-mediated H2O2 transport indicates broad implications for the controlled use 
of this potentially toxic small molecule for beneficial physiological functions.

Aquaporins as Gas Transporters

In the plasma membrane, AQP1 exists as a homotetramer with each subunit con-
taining an individually functional water pore. At the center of the four monomers 
lies a fifth pore composed mainly of hydrophobic amino acids that may provide 
a path for non-polar molecules [54, 157, 184], such as gas (Fig. 14.2b). Several 
aquaporins including AQP1, AQP3, AQP4, AQP5, AQP8, and AQP9 each have a 
characteristic CO2, NO, and NH3 permeability.

CO2 Early studies showed that influx, permeability, and transport of CO2 were 
increased by several fold in oocytes injected with AQP1 mRNA and in proteoli-
posomes containing purified AQP1, suggesting that CO2 uses the single water chan-
nel to traverse the channel protein [27, 138]. Also, the rate of CO2 transport was 
blocked by mercurial agents and by substituting Ser for Cys189 in AQP1[120, 138], 
indicating that blocking the aquapores causes conformational changes in the cen-
tral pore, making it less permeable to CO2, as mercurial agents inhibit AQP1 by 
binding to Cys189, which is located in the water pore itself. By using 18O-labeled 
HCO3

− to examine the CO2 permeability of wild-type versus AQP1-null human red 
blood cells, one study showed that CO2 permeability was reduced by ∼60 % in the 
AQP1-null red blood cells [41], supporting the hypothesis that AQP1 facilitates CO2 
movement across the plasma membrane. Insertion of human AQP1 into cholesterol-
containing membranes causes a physiologically and highly significant increase in 
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membrane CO2 permeability. This suggests that both cholesterol and AQP1 protein 
are necessary for CO2 permeability across biological membranes [72].

However, some investigators showed that AQP1-dependent CO2 transport has no 
physiological relevance [42, 191]. Lung gas exchange has been studied in vivo in 
AQP1-deficient mice that have been ventilated with 5 % CO2 in oxygen. No difference 
in CO2 transport could be observed between AQP1-deficient mice and wild-type mice 
[191]. The reason for the unexpected finding is still unclear, but a limitation of CO2 
release to the alveolar lumen caused by the lack of AQP1 could be one of explanations, 
especially when the contact time of red blood cells to pulmonary capillaries is short.

AQP1 is abundantly expressed in the proximal tubules of the kidney, where it 
takes up 70–80 % of the filtered HCO3

−
. The transport of CO2 across the apical 

membrane of the proximal tubule is the first step in the reabsorption of HCO3
− 

[54], however, evidence about a role of AQP1 as a CO2 (or NH3) channel in renal 
acid–base regulation is still lacking (Fig. 14.5).

NO Nitric oxide is a gas that plays important roles in cardiovascular, renal, and 
central nervous system (CNS) physiology. It is known that NO produced by the 
endothelial cells of the vasculature relaxes adjacent vascular smooth muscle cells, 
and thus regulates blood flow and blood pressure. It means that NO must exit the 
endothelial cells and enter the vascular muscle cells where it acts; the process was 
previously thought to occur by free diffusion through the lipid bilayer of the cell 
membrane. This conception was later challenged by an observation which showed 
that AQP1, expressing in both endothelial cells and vascular smooth muscle cells, 
facilitated NO transport and increased NO influx rate across the cell membrane in 
Chinese hamster ovary cells transfected to express AQP1 and in the lipid bilayer 
inserted with human AQP1 [55]. Free diffusion of NO between cells still occurs 
in the absence of AQP1, although more slowly. Studies from the same group later 
demonstrated that NO transport into vascular smooth muscle cells and out of 
endothelial cells is diminished in cells lacking AQP1. NO-dependent relaxation is 
impaired in thoracic aortas from AQP1-deficient mice. In addition, NO stimulated 
by acetylcholine induced relaxation was decreased in vessels isolated from AQP1-
deficient mice when compared with wild-type mice, indicating that endothelium-
dependent relaxation was impaired in the absence of AQP1 [53]. Decrease of NO 
transport in endothelia of AQP1-deficient mice raised the question of whether 
these mice are hypertensive, indeed they have lower blood pressure than controls. 
This discrepancy is likely explained by the fact that these mice have a urine con-
centrating defect which might mask the hypertensive phenotype dictated by defec-
tive NO-dependent relaxation in the systemic vasculature [54]. However, a more 
recent study demonstrated that AQP1 deletion decreased baseline blood pressure 
by increased prostanoid-dependent relaxation in resistance vessels, but not the 
endothelial NO-dependent relaxation [116]. In addition to AQP1, evidence shows 
that AQP4, a major AQP located in the brain, is also permeable to NO through 
its central pore. Interestingly, the central pore of AQP4 appears to serve as a bet-
ter gas conduction pathway than that of AQP1 [185]. As AQP4 forms high-den-
sity arrays in cells near NO sources (e.g., neurons that synthesize neuronal NO 
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synthase, nNOS) in the brain, it would be of interest to investigate whether AQP4 
might play a role in the control of NO flow in the CNS.

NH3 NH3 transport by AQPs has not been extensively studied. AQP1, AQP3, 
AQP8, and AQP9 have been shown to facilitate NH3 transport in Xenopus oocytes 
and lipid bilayers expressing AQPs, respectively [59, 118, 153]. AQP-facilitated 
movement of NH3 across the plasma membrane may be more closely correlated 
with ammonia transport.

Physiology of Aquaporins

AQPs are relatively ubiquitous in mammalian organs and are usually not restricted 
to a sole tissue. They are expressed in a wide range of tissues (Table 14.1), often spa-
tially located within a certain region of the cell. This enables them to play central 
roles in the flow of water, glycerol, urea, ammonia, and gas through those tissues [46].

Fig. 14.5  Potential physiological role of AQP1 in mediating CO2 transport in the epithelium 
of renal proximal tubule (PT). The cells of the PT secrete H+ into the tubule lumen using the 
Na+–H+ exchanger NHE3 at the apical membrane. The secreted H+ in the lumen titrate filtered 
HCO3

− to form H2O and CO2, catalyzed by luminal carbonic anhydrase IV (CA IV). AQP1 
mediates H2O reabsorption, meanwhile, it may also facilitate transporting CO2 into the epithe-
lial cells of the PT, where it is converted back to HCO3

− by soluble carbonic anhydrase II (CA 
II). CO2 can also freely diffuse across plasma membrane of epithelial cells in the PT. In turn, 
HCO3

− is extruded across the basolateral membrane into the interstitium via the electrogenic 
Na+/HCO3

− cotransporter (NBCe1)
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Aquaporins

AQP0 AQP0 is present in the eye lens fiber cells and its mutation provokes cata-
ract formation. Lowering internal Ca2+ concentration or inhibiting calmodulin 
increased AQP0 water permeability. As the Ca2+ concentration throughout the lay-
ers of the lens differs, it is possible that the water permeability of AQP0 also varies 
among the layers of the lens in a physiologically significant manner [20, 122].

AQP1 AQP1 is mostly expressed in red blood cells, brain, lung, and kidney and 
is associated with water reabsorption and fluid secretion [14]. AQP1 is expressed 
in cholangiocytes, the cells that line bile ducts and secrete water in response to the 
hormone secretin [129]. When cholangiocytes were stimulated with secretin, there 
was an increase in the amount of AQP1 on the plasma membrane and a decrease 
in the amount of intracellular AQP1 [107]. In the lung, AQP1 is expressed in 
the endothelial cells of the capillaries where gas exchange occurs [129]. AQP1 
has also been suggested to be involved in cerebrospinal fluid secretion and reab-
sorption [164] (see below). In the kidney, AQP1 protein is highly expressed in 
proximal tubules, descending thin limbs, and vasa recta [129] (Fig. 14.6). The 
transepithelial osmotic water permeability (Pf) in isolated S2 segments of the 
proximal tubule was found to be about fivefold lower in AQP1 knockout mice 
than in wild-type mice, highlighting the main role of AQP1 in transcellular water 
reabsorption in this nephron segment [154]. Transgenic mice with knockout of the 
AQP1 gene [97] have polyuria and a urinary concentrating defect that was not sen-
sitive to vasopressin treatment, however, it could be partially corrected by deliv-
ery of an adenovirus encoding AQP1 [193]. In humans, AQP1 encodes the Colton 
blood group antigen. Colton-null subjects have a reduced ability to concentrate 
urine when subjected to water deprivation, which is in agreement with the data 
obtained in AQP1 knockout mice [76].

AQP1 also plays an important role in angiogenesis, cell migration, and cell 
growth. AQP1 is strongly expressed in tumor cells and promotes cell migration 
and tumor cell angiogenesis [123, 173]. AQP1 deletion reduces endothelial cell 
migration, limiting tumor angiogenesis and growth [151]. A recent study showed 
that reduction of AQP1 expression via chemical downregulation blocked angio-
genesis and slowed the progression of tumors [12]. Not only AQP1, but other 
AQPs such as AQP3 and AQP4, may facilitate cell migration (see below). AQP-
facilitated cell migration might be relevant not only to angiogenesis but also to 
tumor spread, glial scarring, wound healing, and other physiological phenomenon.

AQP2 AQP2 is expressed in principal cells of the collecting ducts and is abun-
dant both in the apical plasma membrane and subapical vesicles [126] (Fig. 14.6). 
AQP2 is the primary target for vasopressin regulation of collecting duct water per-
meability [125, 188]. AQP2 mutations can cause an autosomal form of hereditary 
nephrogenic diabetes insipidus in humans [31]. Lack of functional AQP2 expres-
sion in AQP2 gene knockout mice [146] produces a severe urine concentration 
defect, papillary atrophy and hydronephrosis, and results in postnatal death.
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AQP2 expression in principal cells of the collecting ducts is regulated by 
vasopressin when binding to its V2 receptor (Fig. 14.7). Under conditions of 
normal hydration, AQP2 is confined to the cytoplasm of the collecting duct 
cells. When the body is dehydrated and needs to retain water, AQP2 relocates to 
the apical membrane, thus enabling water reabsorption from the tubule into the 
cell. Vasopressin binds to the vasopressin V2 receptor on the basolateral plasma 
membrane of the collecting duct principal cells and initiates the signal transduc-
tion. Vasopressin binding to the V2 receptor promotes the disassembly of the 
bound hetertrimeric G-protein, Gs, into Gα and Gβγ subunits, Gsα then stimu-
lates adenylyl cyclase, resulting in an increase in intracellular cyclic adenosine 
monophosphate (cAMP) levels. Increased cAMP activates protein kinase A, which 
phosphorylates AQP2 at serine 256. As a consequence of AQP2 phosphorylation, 
subapical storage vesicles that contain AQP2 translocate from the cytoplasm of 

Fig. 14.6  Expression of renal aquaporins along the nephron and collecting ducts. Blood is fil-
tered by glomeruli, and most of the filtrate is reabsorbed through AQP1 in the proximal tubule 
and descending thin limbs of Henle. AQP1 is also expressed in endothelia of the descending 
vasa recta, facilitating the removal of water. In the connecting tubule and collecting duct, AQP2 
is mainly expressed at the apical membrane and intracellular vesicles of principal cells, while 
AQP3 and AQP4 are present at the basolateral membrane of the principal cells, representing 
exit pathways for water reabsorbed via AQP2. AQP5 is apically expressed in type-B intercalated 
cells in the collecting ducts. AQP6, AQP8, and AQP11 are localized in intracellular membranes 
only. AQP6 is localized to intercalated cells of the collecting duct, while AQP8 and AQP11 are 
expressed in proximal tubules. Several urea transporters are colocalized with AQPs in the kid-
ney, UT-A1 is expressed in the apical membrane, whereas UT-A3 is present at the basolateral 
membrane of the principal cells. UT-A2 is localized in descending thin limbs of Henle, UT-B is 
expressed in endothelia of the descending vasa recta
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principal cells to the apical membrane and fuse with it. Relocation of phosphoryl-
ated AQP2 to the cell membrane increases the cell water permeability, resulting 
in water reabsorption [84, 127, 131]. Upon removal of the vasopressin stimulus, 
AQP2 is shuttled back to the cell cytoplasm, a process that restores the water 
impermeability of the cell [125, 127]. Long-term regulation of AQP2 abundance 
by vasopressin occurs over a period of hours to days [125, 127]. In addition to 
vasopressin, several other factors have recently been reported to affect AQP2 traf-
ficking, such as atrial natriuretic peptide (ANP) [17, 180], protaglandin E2 [209], 
aldosterone [124], angiotensin II [90, 181], oxytocin [91], and others (Fig. 14.7).

Fig. 14.7  Regulation of AQP2-mediated water reabsorption. Vasopressin (AVP) binds to the 
vasopressin type-2 receptor (V2R), present on the basolateral membrane of renal collecting duct 
principal cells. This induces a signaling cascade, involving Gs protein mediated activation of ade-
nylyl cyclase (AC), a rise in intracellular cAMP, activation of protein kinase A (PKA), and sub-
sequent phosphorylation of AQP2. This results in the redistribution of AQP2 from intracellular 
vesicles to the apical membrane. On the long term, vasopressin also increases AQP2 expression 
via phosphorylation of the cAMP responsive element binding protein (CREB), which stimulates 
transcription from the AQP2 promoter. Once water balance is restored, AVP levels drop and 
AQP2 is internalized via ubiquitination. Internalized AQP2 can either be targeted to recycling 
pathways or to degradation via lysosomes (Lys). Driven by the transcellular osmotic gradient, 
water enters principal cells through AQP2 and passes through the basolateral plasma membrane 
via AQP3 and AQP4 to the blood. Oxytocin or prostagladin E2 (PGE2) may bind V2R or PGE2 
receptor (EP3), respectively, and result in AQP2 trafficking and expression via the AC-cAMP-
PKA pathway in principal cells of the collecting duct. Atrial natriuretic peptide (ANP) and nitric 
oxide (NO) induce elevation of intracellular cGMP levels and lead to AQP2 membrane insertion, 
probably via guadenylate cyclase (GC)-protein kinase G (PKG)-mediated phosphorylation of ser-
ine 256 on the AQP2. Angiotensin II (Ang II), by binding its type 1 receptor (AT1R) in the baso-
lateral membrane of principal cells, induces AQP2 trafficking and protein expression via both 
cAMP-PKA and calcium-calmodulin pathways
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AQP4 AQP4 is permeable to water and is expressed in astroglial cells at the 
blood–brain barrier and in the spinal cord, kidney collecting duct, airways, skel-
etal muscle, stomach, and retina [194]. Unlike AQP3 in cortical collecting ducts, 
AQP4 is present in principal cells [168] (Fig. 14.6), with the greatest abundance in 
inner medullary collecting ducts. Targeted disruption of AQP4 in mice results in a 
75 % reduction in the osmotic water permeability of the inner medullary collect-
ing duct [26]. However, AQP4-null mice have only a mild urinary concentrating 
defect [96], indicating a likely greater water reabsorption by AQP3 in cortical col-
lecting duct. AQP3/AQP4 double knockout mice show more severe polyuria than 
AQP3-knockout mice, although they still have residual water reabsorption ability 
[95, 167]. As a major aquaporin located in CNS, AQP4 is found play an impor-
tant pathophysiological role in brain edema and neuromyelitis optica (NMO) (see 
below). In contrast, studies on AQP4 deficient mice provide evidence against a sig-
nificant role of AQP4 in skeletal muscle physiology [196].

AQP5 AQP5 is permeable to water and is expressed in glandular epithelia, cor-
neal epithelium, alveolar epithelium, and the gastrointestinal tract [46]. Saliva pro-
duction in the parotid gland involves the re-localization of AQP5 into the plasma 
membrane of the secretory cells [70]. Defective cellular trafficking of AQP5 in 
salivary [163] and lacrimal [169] glands has been associated with Sjörgren’s syn-
drome, which is characterized by deficient secretion of tears and saliva. A recent 
study [141] demonstrated that AQP5 is also expressed in type-B intercalated cells 
in the kidney connecting tubules and collecting ducts (Fig. 14.6), where AQP5 
co-localizes with the apical transporter pendrin. However, AQP5 knockout mice 
develop “grossly normal” with no kidney phenotype [94]. Further studies are thus 
required to uncover a possibly unexpected role for AQP5 in the kidney.

AQP6 AQP6 is thought to be involved in chloride permeability and is expressed 
in intracellular vesicles of acid-secreting type-A intercalated cells in renal col-
lecting ducts, where it is colocalized with H+-ATPase (Fig. 14.6). This localiza-
tion suggests that AQP6 may be regulated by low pH [206]. AQP6 expression in 
oocytes has revealed low water permeability during basal conditions, while in 
the presence of HgCl2, a rapid increase in water permeability and ion conduct-
ance is observed [206]. In addition, reductions in pH (below 5.5) quickly and 
reversibly increase anion conductance and water permeability in AQP6 express-
ing oocytes [206].

AQP8 AQP8 is a water channel found in intracellular domains of the proximal 
tubule and the collecting duct cells [40] (Fig. 14.6). AQP8-null mice did not show 
a urinary concentrating defect and specifically, urine osmolality was not signifi-
cantly different in AQP1-null mice versus mice lacking both AQP8 and AQP1 
[190, 195, 202]. This observation suggests that AQP8 may not be physiologically 
relevant to renal function; however, mitochondrial AQP8 was recently demon-
strated in playing an important role in the adaptive response of proximal tubules to 
acidosis [115]. AQP8 is also expressed in liver, pancreas intestine, salivary gland, 
testis, and heart [46].
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Aquaglyceroporins

AQP3 AQP3 is expressed in different tissues including kidney, skin, gastrointes-
tinal tract, adipose, and airway epithelium. It is permeable to glycerol and may 
be important for proper lipid metabolism [147]. AQP3 is the most abundant skin 
aquaglyceroporin. Both water and glycerol transport by AQP3 appears to play an 
important role in hydration of mammalian skin epidermis. Glycerol transport by 
AQP3 is also involved in the metabolism of lipids in skin as well as in the regula-
tion of proliferation and differentiation of keratinocytes [13, 18, 119]. The role of 
glycerol was confirmed when either systemic or topical glycerol replacement was 
shown to reverse all of the effects of the lack of AQP3 in mouse skin [51].
In the kidney, AQP3 is localized in the basolateral plasma membranes of cortical 
and outer medullary collecting duct principal cells [69] (Fig. 14.6), where they 
are thought to mediate the basolateral exit of water that enters apically via AQP2. 
AQP3-deficient mice are severely polyuric [95] and fail to respond appropriately 
to dDAVP, demonstrating that basolateral membrane water transport can also 
become a rate-limiting factor for water reabsorption [95].

AQP7 AQP7 is involved in water and glycerol permeability and is expressed mainly 
in adipose tissue, and in testis, heart, skeletal muscle, and kidney proximal tubule 
[156]. AQP7 is permeated by water and glycerol [66] and is expressed in the brush 
border of the proximal tubule S3 segment [64, 121], where AQP7 is colocalized with 
AQP1 (Fig. 14.6). AQP7 null mice have reduced water permeability in the proxi-
mal tubule brush border membrane [158], whereas they do not exhibit a urinary 
concentrating defect or water-balance abnormality, which is not surprising since 
AQP1 represents the major water channel in this segment of the nephron. AQP7 null 
mice have a severe loss of glycerol in the urine, confirming that AQP7 is a major 
transporter for glycerol reabsorption in the proximal tubule [158]. Interestingly, the 
serum level of glycerol was normal when compared with wild-type animals, indi-
cating that a systemic compensative mechanism may play a role in keeping normal 
plasma glycerol levels in AQP7 knockout mice [158]. Additionally, studies have 
suggested an important role of AQP7 in energy metabolism (see below).

AQP9 AQP9 is expressed in liver, white blood cells, testis, and brain and is 
involved in water and small solute permeability [39], its permeability to glyc-
erol and lactate indicates that it may play a role in energy metabolism. AQP9 is 
expressed in the liver where it is proposed to play a role in glycerol uptake for glu-
coneogenesis during fasting [21]. Plasma concentrations of glycerol and triglycer-
ides were slightly increased in AQP9 null mice. When AQP9 null mice were mated 
with leptin-resistant diabetic mice, the double mutants had dramatically increased 
plasma glycerol levels and reduced blood glucose levels after fasting [148]. Red 
blood cells from AQP9 null mice have dramatically reduced glycerol permeability 
but the water permeability remains unchanged [93], thus the physiological role for 
AQP9 in red blood cells is still not clear.
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AQP10 AQP10 is thought to be involved in water, glycerol, and urea permeability 
when expressed in Xenopus oocytes [67] and is expressed in small intestine [46, 
62]. A recent study showed that AQP10 silencing in human differentiated adipo-
cytes resulted in a 50 % decrease of glycerol and osmotic water permeability, sug-
gesting that AQP10 in human adipose tissue, together with AQP7, is particularly 
important for the maintenance of normal or low glycerol content inside the adipo-
cyte, thus protecting humans from obesity [85].

Superaquaporins

AQP11 AQP11 is expressed in kidney, testis, liver, brain, intestine, heart, and adipose 
tissue. AQP11 is suggested to be vital for kidney (Fig. 14.6) and liver development and 
endoplasmic reticulum stress in the kidney cells [145, 147]. AQP11 knockout mice die 
at a young age with polycystic kidneys [117], which is similar to human polycystic 
kidney diseases (PKD). Therefore, these transgenic mice might be considered a new 
animal model providing an alternative pathway for studying cystogenesis in PKD.

AQP12 AQP12 seems to be expressed specifically in pancreatic acinar cells, 
although the role of AQP12 remains to be clarified [62, 148]. When using chole-
cystokinin-8 to induce pancreatitis, AQP12 null mice show more severe pathologi-
cal damage and larger exocytotic vesicles in the pancreatic acini than wild-type 
mice, indicating that AQP12 may function in controlling the proper secretion of 
pancreatic fluid following rapid and intense stimulation [133].

Clinical Significance of Aquaporins

Dysregulation of Renal Aquaporins in Water-balance 
Disorders

Several clinically important water-balance disorders are associated with dysregulation 
of AQP2, according to results from animal models of various disease states. Such dis-
ease states can be divided into urine concentrating defects and urine diluting defects.

Urine concentrating defect The amount of AQP2 in collecting duct cells is 
decreased in a variety of polyuric disorders [84, 127]. There are two significant 
inherited forms of diabetes insipidus (DI): central and nephrogenic. In central 
(or neurogenic) DI, production or secretion of vasopressin in the hypothalamus 
is impaired. The Brattleboro rat provides an excellent model of this condition. 
These animals have a total or near-total lack of vasopressin production and sub-
stantially decreased expression levels of vasopressin-regulated AQP2 compared 
with the parent strain. Infusion of vasopressin for several days can restore kidney 
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AQP2 protein levels to normal [33]. These deficits are likely to be the most impor-
tant cause of the polyuria from which these patients with central DI suffer, and 
they will be reversed by treatment with desmopressin, which is a vasopressin 
V2-selective agonist. The second form of DI is called nephrogenic DI (NDI) and 
is caused by the inability of the kidney to respond to vasopressin stimulation. The 
most common hereditary cause (95 % of the cases) is an X-linked disorder asso-
ciated with mutations of the vasopressin V2 receptor making the collecting duct 
cells insensitive to vasopressin [10]. Interestingly, most cases of non-X-linked 
NDI appear to be associated with mutations in the AQP2 gene [30]. In a mouse 
model of human NDI, an Hsp90 inhibitor, identified in a small screen of known 
protein folding “correctors,” partially rescued defective AQP2 cellular processing 
and partially restored urinary concentration function, indicating a potential thera-
peutic utility of this inhibitor in treating human NDI [192, 203].

In humans, acquired forms of NDI are much more common. Dysregulation of 
AQP2 plays a fundamental role in many acquired forms of NDI, such as sustained 
lithium intake [84, 108, 127], ureteral obstruction [44, 45, 88, 89], hyperthyroid-
ism [183], hypokalemia [109], and hypercalcemia [36, 178]. Each of these four 
syndromes is associated with depletion of AQP2 protein from the collecting ducts 
and a defect in urinary concentration. Interestingly, hypercalcemia [177, 179] is 
also associated with downregulation of the Na–K–2Cl cotransporter (NKCC2) in 
the thick ascending limb, which could reduce sodium and chloride reabsorption in 
the thick ascending limb and hence decrease medullary osmolality, also contribut-
ing to the polyuria and impaired urinary concentration.

Urine diluting defect Increased expression of renal AQP2 protein is seen in several 
extracellular fluid (ECF)-expanded states, such as congestive heart failure (CHF) 
[130, 187], hepatic cirrhosis [43], and glucocorticoid deficiency [182]. Severe heart 
failure is characterized by defects in renal handling of water and sodium, resulting 
in ECF expansion and hyponatremia. In CHF, a marked increase in the abundance 
of the AQP2 protein in the collecting ducts is observed, consistent with an increase 
in apical water permeability. The rats with CHF manifest significantly increased 
plasma vasopressin levels, presumably owing to non-osmotic factors related to arte-
rial underfilling. Administration of a V2 receptor antagonist significantly increases 
urine output and plasma osmolality, in parallel with a significant reduction in AQP2 
expression. Based on this model, V2 receptor antagonists (vaptans) are now being 
used clinically to ameliorate the hyponatremia seen in severe CHF [143].

Aquaporins and Central Nervous System

Aquaporins and brain edema At least three AQPs are expressed in the CNS. 
AQP1 is located in the epithelia of the choroid plexus [134] and dorsal root gan-
glia [155], and AQP9 is expressed in the substantia nigra [4]. AQP4 is found in the 
glia [128] and neurons.
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AQP1 expression is restricted to the choroid plexus region of the brain under nor-
mal conditions. Osmotically induced water transport was reduced fivefold in AQP1 
null mice along with a decrease in intracranial pressure and a 25 % decrease in 
CSF production [134]. Hydrocephalus is associated with CSF flow abnormalities, 
and AQP1 modulation was suggested as a therapeutic route for its treatment [164].

AQP4 is associated with the pathophysiology of brain edema. Astrocytes are 
the most abundant glial cells within the brain and AQP4 is highly concentrated 
in astrocytic end-feet [28, 128], which function as part of the blood–brain barrier 
(BBB) water exchange mechanism. Compared with littermate controls, glial-condi-
tional AQP4 knockout mice show a 31 % reduction in brain water uptake after sys-
temic hypoosmotic stress and a delayed postnatal reabsorption of brain water [48].

Because AQP4 allows bidirectional water flux through cell membranes, it is 
not surprising that it facilitates water transport to and from the CNS. Experiments 
demonstrate the role of AQP4 in facilitating cellular water uptake as well as the 
clearance of ECF from the brain. Deletion of AQP4 impairs cell water uptake in 
several disease models such as acute cerebral ischemia [104], water intoxication 
[104, 200], and traumatic brain injury, in which water moves into the cell resulting 
in cytotoxic brain edema (Fig. 14.8a). Transgenic AQP4 overexpression in mice 
worsens brain swelling in water intoxication [199]. AQP4 null mice showed less 
brain water content and a remarkably improved degree of neurological deficits as 
compared to wild-type mice in acute liver failure, in which brain edema and astro-
cyte swelling induced by elevated ammonia levels is a hallmark [142]. Consistent 
with this, silencing the AQP4 gene in cultured astrocytes prevented ammonia-
induced cell swelling [142]. Vasogenic edema, which is created via leakage of iso-
osmolar fluid through a defective BBB into the brain extracellular space, is usually 
seen in another subset of CNS pathologies such as brain tumors, cold brain injury, 
and persistent ischemia. In these models, AQP4 facilitates the reabsorption of 
edema fluid from the extracellular space (Fig. 14.8b). Deletion of AQP4 resulted 
in worsening of cerebral edema, as assessed by brain wet to dry weight ratio and 
intracranial pressure, together with a lower neurological score [135, 136]. The 
bimodal role of AQP4 in the development of vasogenic and cytotoxic edema, thus 
should be noted when formulating strategies targeting AQP4 in edema therapy.

Aquaporins and neuromyelitis optica The involvement of AQP4 in NMO is quite 
unexpected. NMO is a clinical syndrome characterized by optic neuritis and mye-
litis. If untreated, NMO usually takes a relapsing course and often results in blind-
ness and paralysis. The discovery of circulating IgG autoantibodies to AQP4 in 
70–80 % of patients with NMO (termed NMO-IgG or AQP4-Ab) [86, 87] and sub-
sequent investigations into the pathogenic impact of this new reactivity have led 
to the recognition of NMO as a unique autoimmune disease that is distinct from 
classic multiple sclerosis.

There is now strong evidence that AQP4-IgG is pathogenic in NMO. 
Administration of human NMO-IgG produces NMO-like pathology in rats with 
pre-existing neuroinflammation [7]. Naïve mice or rats injected intracranially 
with human NMO-IgG, with or without complement, develop characteristic NMO 
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lesions, with neuroinflammation, loss of glial fibrillary acidic protein and AQP4 
immunore-activity, myelin loss, perivascular deposition of activated complement 
or vasculocentric complement deposition, granulocyte [212] and macrophage 
infiltration, BBB disruption, microglial activation, and neuron death [2, 152]. It 
is therefore thought that IgG binding to AQP4 in astrocytes initiates an inflamma-
tory cascade involving leukocytes infiltration, cytokine release, complement, and 
natural killer cell–mediated astrocyte damage and BBB breakdown [173]. The 
consequent neuroinflammation and myelin loss produce neurological deficits. 

Fig. 14.8  Mechanism of brain edema formation in cytotoxic and vasogenic edema. a In cyto-
toxic edema, AQP4 facilitates water uptake of perivascular astrocyte end-feet, resulting in astro-
cyte swelling and subsequent compression of the adjacent neurons. Dotted line astrocyte end-feet 
before swelling and solid line astrocyte end-feet after swelling. b In vasogenic edema, the 
endothelial tight junction is damaged, leading the disruption of the blood–brain barrier (BBB) 
seal. In this condition, AQP4 facilitates clearance of excess brain water from the extracellular 
space. Dotted line relative position of endothelium and astrocyte end-feet when extracellular fluid 
accumulates; solid line relative position of endothelium and astrocyte end-feet after extracellular 
fluid is cleared; black arrow water movement
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NMO-IgG seropositivity is highly specific for NMO, and, in some studies, NMO-
IgG levels correlate with disease activity [173].

Assay of serum NMO-IgG in NMO was an excellent example of aquaporin-
based diagnostics. A NMO-IgG seropositivity is nearly 100 % sensitive and spe-
cific for NMO in one report [100], and the most recent data demonstrated that a 
cell-based assay test based on the use of the large orthogonal arrays of particles 
forming isoform AQP4-M23 with a C-terminal fluorescent tag is a better test for 
NMO diagnosis [137].

AQP4-based therapeutics in NMO is an exciting area. Recent proof-of-concept 
studies have demonstrated that high-affinity, nonpathogenic, recombinant NMO 
antibodies (aquaporumabs) can block NMO-IgG binding to AQP4 and prevent 
consequent cell killing and development of NMO lesions in ex vivo and in vivo 
animal models [173, 175].

Aquaporins and Obesity

Adipocytes serve a crucial role as an energy supplier under starvation to maintain 
whole body energy homeostasis and contribute to survival during longer starva-
tion. However, over-nutrition and lack of exercise have resulted in over-accumu-
lation of fat, causing an increase in life-style related diseases, such as diabetes, 
dyslipidemia, hypertension, and atherosclerosis, which are commonly recognized 
as the metabolic syndrome [103]. The involvement of AQP7 in adipocyte and 
AQP9 in liver metabolism suggests the possibility of new strategies for therapy of 
obesity and metabolic syndrome and further studies may refine our understanding 
of metabolic syndrome.

AQP7 is expressed in mammal adipose tissue [77, 78]. AQP7 mRNA levels are 
decreased by feeding and are increased by fasting in parallel with plasma glyc-
erol levels, which are opposite to plasma insulin levels. Indeed, the insulin nega-
tive response element is identified in the promoter region of the AQP7 gene [77, 
78], indicating that AQP7 mRNA expression is closely regulated by insulin at the 
transcriptional level, suggesting that adipose AQP7 seems to be associated with 
glucose metabolism [103]. In 3T3-L1 adipocytes, AQP7 is localized at the periph-
ery of the nucleus under steady-state conditions and may rapidly translocate to the 
plasma membrane following stimulation with the lipolysis inducer adrenaline [77]. 
This may mediate efficient release of glycerol from adipocytes into the blood-
stream, as 3T3-L1 adipocytes with AQP7 loss of function mutations correlated 
with higher triglyceride content [99].

The role of AQP7 in glycerol metabolism was also supported by observations of 
AQP7 knockout mice. AQP7 knockout mice showed low plasma glycerol concen-
trations under the fasting state and impaired plasma glycerol elevation in response 
to β3-adrenergic agonist or longer starvation challenge when compared with wild-
type mice [101]. Also, AQP7-knockout mice exhibited obesity with increases of 
fat weight after 12 weeks of age [56] and showed insulin resistance in accordance 
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with obesity. Adipose intracellular glycerol contents and activity of glycerol 
kinase, a key enzyme in the conversion of glycerol to glycerol-3-phosphate, were 
elevated in AQP7 knockout mice when compared with those of wild-type mice. 
These studies suggest that AQP7 deficiency in adipose tissue may promote fatty 
acid uptake, and finally cause triglyceride accumulation. The association of AQP7 
and energy metabolism is also shown in humans. In severely obese women, adi-
pose tissue AQP7 expression levels were significantly reduced and plasma glyc-
erol concentrations were lower [22]. Loss-of-function genetic defects of AQP7 are 
associated with an inability to elevate plasma glycerol during exercise [79].

AQP9 is considered the sole glycerol channel in liver and is localized at the 
sinusoidal plasma membrane facing the portal vein [39]. Administration of strep-
tozotocin results in an increase in AQP9 mRNA [81] and protein [21] levels in 
insulin deficient mice, which indicates that insulin may suppress AQP9 expres-
sion and thus reduce glycerol intake from plasma. AQP9 mRNA level is increased 
by fasting and is decreased by feeding [81], which could be attributed to opposite 
insulin levels in these two conditions. Interestingly, in accordance with increased 
AQP9 gene and protein in fasting, hepatic key enzymes involved in gluconeo-
genesis (e.g., glycerol kinase and PEPCK) show increased expression. In feeding 
condition, gene expression of AQP9 and glycerol kinase is lower than normal. An 
important role of AQP9 in hepatic glycerol and glucose metabolism is also dem-
onstrated in AQP9 knockout mice [148]. AQP9−/− mice exhibited a significant 
increase in plasma glycerol and triglyceride levels compared to AQP9+/− mice. 
When crossed with db/db mice, which are a type 2 diabetes model mice, the blood 
glucose levels of db/db AQP9−/− mice were lower than db/db AQP9+/− mice 
under 3-h fasting conditions, probably due to failed gluconeogenesis in the liver.

It is becoming clear that in the fasting condition, glycerol (produced by lipoly-
sis) is transferred from adipose tissue to the plasma by AQP7, and plasma glycerol 
is then taken up by the liver via AQP9 to provide a substrate for hepatic glucose 
synthesis (gluconeogenesis) [21, 81]. In the fed state, a rise in plasma insulin 
concentration results in the suppression of lipolysis and the reduction of adipose 
AQP7, and thus decreases glycerol release from adipocytes. Feeding also reduces 
liver AQP9 level and suppresses glycerol-based gluconeogenesis [103]. The coor-
dination between AQP7 in adipose and AQP9 in the liver indicates the importance 
of aquaglyceroporins in physiological and pathophysiological glucose metabolism 
(Fig. 14.4).

Aquaporins and Oncology

AQPs are involved in cell migration, which has implications for tumor angiogen-
esis, local invasion, and metastasis. Extensive studies have shown that tumor cells 
express AQPs and a positive correlation exists between histological tumor grade 
and AQP expression. AQPs are also involved in tumor edema formation and angio-
genesis in several solid and hematological tumors. AQP inhibition in endothelial 
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and tumor cells might limit tumor growth and spread, therefore, AQPs are poten-
tially pharmacological targets in anticancer therapies.

AQP1 gene disruption was closely associated with a significant decrease in 
angiogenesis and neoplasticity [151]. Xenograft models of subcutaneous mela-
noma tumors showed decreased tumor growth and reduced microvascularization 
in AQP1 null mice compared to wild-type controls. Significant tumor necrosis was 
also observed in xenograft models using AQP1 null mice [61]. Also, abnormal 
expression of AQP1 in brain tumor cells is responsible for the invasiveness and 
rapid growth of the tumor [150].

Besides AQP1, high AQP4 expression has been found in invasive astrocytomas 
[164]. Recent studies demonstrated that AQP4 overexpression in the peritumoral 
tissue surrounding invasive gliomas is associated with the rate-limited growth 
of those tumors [111]. This study was later supported by a finding showing that 
siRNA downregulation of AQP4 slowed proliferation and invasiveness of LN229 
tumor models [34, 35].

AQP3 expression appears to be associated with tumorgenesis, proliferation, and 
metastasis. AQP3 was found in high expression levels in human skin squamous 
cell carcinomas [50], bronchioloalveolar carcinomas [98], and esophageal and oral 
squamous cell carcinoma [82]. AQP3 null mice were shown to be resistant to tum-
origenesis in a rodent skin cancer model [50] and AQP3 inhibition by siRNA was 
found to improve the efficacy of cryotherapy in prostate cancer [71]. Emerging 
evidence suggests that expression of AQP1, AQP3, AQP4, AQP5, and AQP7 is 
altered in mammary tumors and in breast cancer cell lines although it is not yet 
clear whether this is a cause or a consequence of neoplastic development [114].

Several recent studies found the increased expression of AQP5 in lung cancer 
cells (particularly pulmonary adenocarcinomas) [213], colon cancer tissues [75], 
and myelogenous leukemia cells [23]. AQP5 expression has also been linked to 
proliferation of the human ovarian cancer cell line [204] and metastasis of non-
small cell lung cancer. Interestingly, the apparent activation of the EGFR/ERK/p38 
MAPK signaling pathway by AQP5 in lung cancer cells [213] indicates a potential 
target for oncotherapy.

The emerging roles of AQPs facilitating water movement in tumor cells are not 
only important in the mechanistic understanding of the cell migration, angiogenesis, 
and proliferation process, but may also have a wide range of potentially therapeutic 
implications [61, 173]. Further work is required to determine whether aquaporins 
are viable therapeutic targets or reliable diagnostic and prognostic biomarkers.

Aquaporins in Several Other Diseases

As discussed above, glycerol and water (and maybe also urea) transport through 
AQP3 has an important function in skin hydration, barrier function, and wound 
healing. In rodent atopic dermatitis models, upregulation of AQP3 enhanced pro-
liferation of human keratinocytes, which was involved in epidermal hyperplasia, a 
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characteristic of atopic dermatitis [119]. This finding suggests that AQP3 inhibi-
tion by topical agents may be beneficial for the treatment of epidermal hyperplasia 
in atopic dermatitis.

The importance of AQPs in ocular diseases is evident from the finding that 
genetic defects in AQP0 are associated with hereditary cataracts. AQP1 and AQP4 
appear to be involved in intraocular pressure formation, which suggest that inhi-
bition of these AQPs could be a potential treatment of glaucoma [211]. Impaired 
cellular trafficking and expression of AQP5 in lacrimal glands [169] has been 
linked to the Sjörgren’s syndrome. AQP-mediated water transport in the inner ear 
[38, 165, 166], which is essential for maintaining function of hearing and equilib-
rium, is regulated at least in part via the vasopressin-AQP2 system. Endolymphatic 
hydrops, a morphological characteristic of Meniere’s disease, is thought to be 
caused by abnormal regulation of AQP2 in the inner ear. A recent delicate experi-
ment demonstrated an unexpected role of AQP2 in promoting renal epithelial cell 
migration and in maintaining structural and functional integrity of the mammalian 
kidney [24]. Integrin is widely expressed in ureteric bud derivatives and collect-
ing duct epithelial cells in developing kidney and is critical to kidney development 
and repair. By regulating the intracellular trafficking and subsequent cell surface 
presentation of integrin β1, AQP2 modulates epithelial cellular migration and ulti-
mately contributes to kidney epithelial morphogenesis. This study suggests an 
important role of AQP2 in the development of various segments of the renal tubule.

AQPs are also expressed throughout the respiratory tract to facilitate water 
transport. AQP5 deletion in submucosal glands in upper airways reduced fluid 
secretion and increased protein content [16], indicating that AQP5 could be a ther-
apy target for reducing fluid secretion in bronchitis and rhinitis. In the gastroin-
testinal tract, downregulation of AQP3 and AQP8 gene and protein expression in 
ileum and colon was associated with an increase in intestinal inflammation and 
injury in a rodent colitis model [215]. In addition to mediating glycerol transport 
to the liver, AQP9 is also postulated to have a significant role in spermatogenesis 
and uterine implantation of blastocysts [25].
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