Grand
Rounds

Regulation of Urea Transporter
Proteins in Kidney and Liver

JEFF M. Sanbps, M.D.

Abstract

Due to urea’s role in producing concentrated urine, its transport is critically important to the conservation of bodyitiviater. W

the renal inner medulla, urea is transported by both facilitated and active urea transport mechanisms. The vasopea$sin-regulat
facilitated urea transporter (UT-A1) in the terminal inner medullary collecting duct (IMCD) permits high rates of tramepitheli

urea transport and results in delivery of large quantities of urea into the deepest portions of the inner medulla whdeslitas n

maintain a high interstitial osmolality for maximal urine concentration. Four cDNA isoforms of the UT-A urea transporter family
have been cloned. In addition, there are three secondary active, sodium-dependent, urea transport mechanisms in IMCD subseg-
ments: (1) active urea secretion in the apical membrane of the terminal IMCD from untreated rats; (2) active urea absorption in
the apical membrane of the initial IMCD from low-protein fed or hypercalcemic rats; and (3) active urea absorption imthe basol

eral membrane of the initial IMCD from furosemide-treated rats.

This review will focus on integrative studies of the rapid and long-term regulation of urea transporters in rats with reduced
urine concentrating ability. These studies led to the surprising result that the basal-facilitated urea permeabilitshinathe te
IMCD and UT-A1 protein abundance are increased during in vivo conditions associated with an impaired urine concentrating
ability. In contrast, there are two response patterns of active urea transporters: (1) hypercalcemia, a low-protein diet, and
furosemide result in induction of active urea absorption in the initial IMCD, albeit by different mechanisms, and inhibition of
active urea secretion in the terminal IMCD; while (2) water diuresis results in up-regulation of active urea secret@mindhe t
IMCD without any active urea absorption in the initial IMCD. The first pattern contributes to the urine concentrating defect b
increasing urea delivery to the base of the inner medulla, thus decreasing urea delivery distally to the inner meduikary tip.
second response pattern will directly decrease urea content in the deep inner medulla.

UT-A urea transporters are also expressed outside the kidney. Recent studies show that the liver has phloretin-inhibitable
urea transport and that it occurs via a 49 kDa UT-A protein. When rats are made uremic, the abundance of this 49 kDa UT-A pro-
tein increases in the livar vivo. This up-regulation of the 49 kDa UT-A protein may allow hepatocytes to increase ureagenesis
to reduce the accumulation of ammonium and/or bicarbonate in urkeyaWords: Urea, urea transporter, vasopressin, urine
concentrating mechanism, collecting duct.

Introduction solution to the question of how the inner medulla

concentrates urine needs to take into account

UREA PLAYS A UNIQUE AND IMPORTANT ROLE in the some effect derived from urea. The passive
urinary concentrating mechanism. Its importancenechanism for urinary concentration (9, 10)
to generating a concentrated urine has beemquires that the inner medullary interstitial urea

appreciated since 1934 when Gamble and cokoncentration exceed the urea concentration in the
leagues (1) described “an economy of water ihlumen of the thin ascending limb. If an inade-
renal function referable to urea.” Maximal urinequate amount of urea is delivered to the deep

concentrating ability is decreased in protein-dinner medulla, then the chemical gradients neces-

deprived or malnourished humans or animals, anglary for passive NaCl absorption are not estab-
is restored by urea infusion (1-8). Thus, anyished and urine concentrating ability is reduced.
The major mechanism for delivering urea to the
inner medullary interstitium is urea absorption
- . - across the terminal inner medullary collecting
Professor of Medicine, Renal Division, Department of Medlcme,duCt (IMCD) (11)_ We reported evidence for
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University School of Medicine, Renal Division, WMRB Room across the terminal IMCD in 1987 (12).
338, 1639 Pierce Drive, NE, Atlanta, GA 30322. Subsequently, four cDNA isoforms of the urea
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transporter (UT-A) family have been clonedUT-A isoforms, the C-terminus antibody should
(Table) (13-19), and polyclonal antibodiesdetect UT-A1, UT-A2, and UT-A4, while the loop
against urea transporter proteins are now avaikegion antibody should detect only UT-A1 (14,

able (14, 20, 21). 19, 24). Western blots of inner medullary tip pro-
teins generally show bands at 97 and 117 kDa
UT-A Urea Transporter Proteins using either antibody (14, 20, 21). Preliminary

studies suggest that both the 97 and 117 kDa pro-
UT-A1 protein is expressed in the apicalteins are glycosylated versions of UT-Al (25).
membrane of the rat terminal IMCD; urea trans-UT-A1l protein is most abundant in the inner
port is stimulated by vasopressin when UT-Al ismedullary tip, present in the inner medullary
heterologously expressed Xenopusocytes (13, base, and not present in outer medulla or cortex
18, 20, 22). UT-A2 is expressed in thin, descendf20, 26), consistent with the pattern of facilitated
ing limbs of short-looped nephrons (20). Ureaurea permeabilities measured in perfused rat col-
transport is not stimulated by cAMP analogslecting duct segments (11, 12, 27, 28).
when UT-A2 is heterologously expressed in either Functional studies show that phloretin-
Xenopusoocytes or human embryonic kidney inhibitable urea transport is present in both the
cells (13, 15, 16, 18, 19, 22, 23). UT-Al and UT-apical and basolateral membranes of the rat termi-
A2 share identical 3' cDNA and C-terminal amino nal IMCD, with the apical membrane being the
acid sequences, but differ at their 5’ (N-terminal)rate-limiting barrier for vasopressin-stimulated
ends (13). Thus, UT-A2 is basically the C-termi-urea transport (29). UT-Al immunostaining is
nal half of UT-Al (Fig. 1). UT-A3 has the same observed in the apical membrane and intracellular
5’ cDNA and N-terminal amino acid sequence asytoplasmic vesicles of the rat terminal IMCD,
UT-A1 but has a unique 3’ (C-terminal) end andbut no immunostaining is seen in the basolateral
is basically the N-terminal half of UT-A1 (19). membrane (20). Recently, Wade and colleagues
Although UT-A4 has the same 5’ and 3’ cDNA, (30) identified a 67 kDa UT-A protein in the
and = and C-terminal amino acid sequences adsasolateral membrane of the rat terminal IMCD,
UT-A1, it is smaller than UT-A1l and basically suggesting that it may be the basolateral mem-
consists of the N-terminal quarter of UT-Al brane urea transporter.
spliced into the C-terminal quarter of UT-A1 (19).
Both UT-A3 and UT-A4 mRNAs are expressed in Rapid Regulation of UT-Al
kidney medulla (although their exact tubular loca-
tion is unknown), and neither is expressed in cor- Vasopressin Adding vasopressin to the bath
tex (19). Both UT-A3 and UT-A4 are stimulated of a perfused rat terminal IMCD results in vaso-
by cAMP analogs when heterologously expressegdressin binding to Y-receptors, stimulating
in human embryonic kidney cells, suggesting thaadenylyl cyclase, generating cAMP, stimulating
both are regulated by vasopressin (19). protein kinase A (PKA), and ultimately increasing
Antibodies have been made to the C-terminu$acilitated urea permeability (12, 31-34). One
(20, 21) and intracellular loop region (14) of UT-possible mechanism for this increase is regulated
Al. Based upon the cDNA sequence of the foutrafficking of UT-Al, as suggested by comparison

TABLE
UT-A Facilitated Urea Transporter Family
Isoform Synonym mRNA (kb) MW (kDa) AVP Stim Location References
UT-Al uT1 4 97; 117 Yes IMCD (13, 14, 18, 20)
UT-A2 uT2 2.9 55 No tDL (15-17, 20)
UT-A3 2.1 4 Yes Medulla* (19)
UT-A4 25 60 Yes Medulla* (19)

Isoform names are based upon the systematic nomenclature for urea transporters proposed in reference 60.

mRNA size is based upon northern analysis.

Molecular mass (MW) is based upon western analysis.

AVP Stim = stimulation by arginine vasopressin. AVP Stim is based upon an increase in urea flux by vasopressin in heterolo-
gous expression system$ehopuocytes, human embryonic kidney cells).

IMCD = inner medullary collecting duct.

tDL = thin descending limb.

Medulla* — exact tubular location unknown.
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Fig. 1. Diagram illustrating a model of the predicted membrane topology for the four UT-A proteins and illustrating the struc-
tural relationships between them. Consensus sequences for phosphorylation or glycosylation are indicated. This figure is modi
fied from reference 19.

to the mechanism by which vasopressin regulateBoth hyperosmolality- and vasopressin-stimulated
aquaporin-2 (AQP2), the vasopressin-regulatetacilitated urea permeability are inhibited by
water channel (AQP2 and UT-Al have similarphloretin or thiourea (31, 37). However,
immunolocalization patterns and both are reguincreases in intracellular calcium (39) mediate
lated rapidly by vasopressin [12, 20, 35]).hyperosmolality-stimulated facilitated urea per-
However, Knepper and colleagues tested for reguneability while increases in adenylyl cyclase
lated trafficking of UT-Al in the rat terminal mediate vasopressin-stimulated facilitated urea
IMCD and showed that, in contrast to AQP2, trafpermeability (33). Thus, both hyperosmolality
ficking of UT-A1 between the apical membraneand vasopressin rapidly increase facilitated urea
and sub-apical vesicles does not occur (36). Apermeability, but they do so via different second
alternative mechanism is that vasopressin altempessenger pathways.
the phosphorylation of UT-A1. The deduced
amino acid sequence for UT-Al contains several Long-Term Regulation of UT-Al
consensus sites for phosphorylation by PKA, as
well as protein kinase C (PKC) or tyrosine kinase Vasopressin Two methods have been used
(19). However, no studies testing this potentiato study whether vasopressin exerts a prolonged
regulatory mechanism have been published. regulatory effect on IMCD-facilitated urea perme-
Hyperosmolality. Increasing osmolality, ability and UT-Al protein abundance: water load-
either by adding NaCl or mannitol to both theing or restriction to vary endogenous vasopressin
perfusate and bath of a perfused rat termindkvels; or administering exogenous vasopressin or
IMCD, increases facilitated urea permeability, dDAVP (desmopressin, aMselective vasopressin
independently of vasopressin (34, 37, 38). Wheagonist) to Brattleboro rats (which have congeni-
osmolality is increased in the presence of vasaal central diabetes insipidus due to the lack of
pressin, there is an additive stimulatory effect orendogenous vasopressin). Increasing plasma
facilitated urea permeability (32, 34, 37, 38).vasopressin by either method decreases the abun-
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dance of both the 97 and 117 kDa UT-A1 proteingenerate urine concentrating ability, it may be up-
in rat inner medulla (14). Consistent with thisregulated to prevent further reductions in urine
change in UT-A1 protein abundance, a perfusedoncentrating ability and/or to reduce the loss of
terminal IMCD from water loaded (3 days) ratsurea from the inner medulla during conditions
has a higher basal and vasopressin-stimulataaith high urine flow rates. This could be a mech-
facilitated urea permeability than a terminalanism explaining the rapid increase in urine con-
IMCD from rats given watead libitum (40). centrating ability that occurs within 5—10 min-
Thus, these studies led to the surprising result thates after urea is infused into people, rats, or dogs
facilitated urea permeability and UT-A1 proteinwho were malnourished or fed low-protein diets
abundance are decreased when vasopressin levéls 2, 4, 50): UT-A1 protein abundance is
are increased (i.e., down-regulation of UT-A1). increased when urine concentrating ability is
In response to either water loading or restricimpaired and this response “prepares” the IMCD
tion, northern analysis shows no change in UT-Alo restore inner medullary urea rapidly once urea
mMRNA abundance (16, 18, 22), suggesting that thér protein) intake rises.
changes in facilitated urea permeability and UT-  Role of glucocorticoids Facilitated urea per-
Al protein abundance are not regulated by trammeability was measured in perfused initial and
scription. In contrast, UT-A2 mRNA abundanceterminal IMCD subsegments from rats undergo-
does fall in the inner medulla of water loaded (3ng adrenalectomy, adrenalectomy plus replace-
days) rats and rises in: (1) water-restricted (3 dayshent with a physiologic dose of glucocorticoid
rats; (2) rats receiving dDAVP for 3 weeks; and(dexamethasone), or sham-operation. Compared
(3) Brattleboro rats treated with vasopressin for 10 sham-operated rats, basal-facilitated urea per-
week (16, 18, 41). Recently, Wade and colleaguameability in the rat terminal IMCD was signifi-
showed that administering dDAVP for 7 days tocantly increased in adrenalectomized rats and
Brattleboro rats increases UT-A2 protein abuntfeduced in dexamethasone-treated rats (21). In
dance in thin, descending limbs (42). Thus, regueontrast, there was no difference in basal- or
lation of UT-A2, but not UT-A1, could involve vasopressin-stimulated facilitated urea permeabil-
transcriptional mechanisms stimulated by vasoiy in the initial IMCD between the three groups
pressin (43). No studies of the long-term regulaef rats (21). Next, western analysis was per-
tion of UT-A3 or UT-A4 have been published. formed on membrane or vesicle fraction proteins
Impaired urine concentrating ability. To from the inner medullary tip or base, correspond-
address the question of whether UT-A1 is reguing to the location of the terminal or initial
lated both rapidly and long term by vasopressinlMCD, respectively. UT-Al protein abundance
similar to the way that AQP2 is regulated bywas significantly increased in both membrane and
vasopressin, we tested the long-term regulation ofesicle fractions from the inner medullary tip of
UT-A1l in four animal models associated with aadrenalectomized rats (21). In contrast, there was
reduction in urine concentrating ability: waterno change in UT-Al protein abundance in the
diuresis; low-protein diet; hypercalcemia; andinner medullary base (21). Northern analysis
furosemide diuresis (44). We predicted that ahowed no change in UT-A1 mRNA abundance in
decrease in urine concentrating ability couldeither inner medullary region (21). Thus, gluco-
result from: (1) a decrease in urea absorption ancbrticoids down-regulate the function and expres-
down-regulation of UT-A1 in the inner medullary sion of UT-A1 in the rat terminal IMCD.
tip; or (2) an increase in urea absorption and up- Diabetic rats. Next, we studied rats with
regulation of UT-A1 in the inner medullary base. uncontrolled diabetes mellitus, since this condi-
We found that in all four conditions, basal (notion is associated with enhanced urea excretion
vasopressin) facilitated urea permeability wasand an increase in urinary corticosterone. Thus,
increased in the deepest portion of the IMCDdiabetic rats provide a secoimdvivo model for
(located in the inner medullary tip), the IMGD testing the role of glucocorticoids in down-regu-
and there was greater abundance of the 117 amating UT-A1l. Rats were made acutely diabetic
97 kDa UT-A1 proteins in the inner medullary tip by injecting streptozotocin (125 mg/kg body
(14, 21, 23, 40, 45—-49). Surprisingly, thereforeweight). UT-Al protein abundance was signifi-
basal facilitated urea permeability and UT-Alcantly decreased in the inner medullary tip, but
protein abundance are increased duiimgivo unchanged in the inner medullary base, of dia-
conditions associated with an impaired urine conbetic rats (47). AQP2 protein abundance was
centrating ability and a reduced plasma vasounchanged in the inner medulla, indicating that
pressin level. This suggests that rather than thihe decrease in UT-A1 was not a generalized,
UT-Al urea transporter being up-regulated tononspecific response (47).
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To determine whether the decrease in UT-A LUMEN INTERSTITIUM
protein abundance was mediated by glucocort |
coids, rats underwent adrenalectomy, adrenale
tomy plus streptozotocin, and adrenalectomy plt N
streptozotocin plus replacement with a physic g
logic dose of glucocorticoid (51). AdrenalectomyRr
blocked the decrease in UT-A1l protein due to dic
betes, and glucocorticoid-replacement restoreM
the diabetes-induced decrease (47). Thus, glucE
corticoids are mediators of the reduction in UTD

Al protein in the inner medullary tip of rats with U ||3 UREA —I IMCD ,
diabetes mellitus (47). This effect is independer L UREA
of insulin, since insulin was missing from all L Na* z
three groups of rats (47). A
Active Urea Transport Fig. 2. Urea transporters expressed in rat inner medullary

collecting duct subsegments. Collecting duct cells are illus-
. . trated starting at the inner-outer medullary border (IMCD
In rats given food and wated libitum we " 0,qh the papillary tip (IMCD bottom) (61, 62). The
f_ound no active urea transport in the IMC@Ni-  tupule lumen is shown on the left side of each cell. Arrows
tial IMCD) or IMCD, (52) (Fig. 2). However, we represent facilitated urea transporters. Circles connecting two

did find active urea secretion in the ||\/|§(52)_ arrows represent active urea transporters. Solid symbols rep-
This active urea secretion is: (1) inhibited byresent urea transporters expressed in untreated rats. Dashed

movin dium (and replacing it with N- symbols represent urea transporters expressed only in rats
remo g sodiu a eplacing with reduced urine concentrating ability. Top cell: an IMCD

methyl-D-glucamine) from the tubule lumen (butcell showing a facilitated urea transporter that is induced in
not from the bath), suggesting an apical memilow-protein fed or hypercalcemic rats (45, 46, 49), and two
brane localization; (2) stimulated rapidly by vaso-inducible, Na-dependent, active urea transport processes, one
pressin; and (3) inhibited by phloretin or Ouaba"of which is a Na—u_rea “co-transporter” in the_ apical mem-
. . hat th brane of low-protein fed (53) or hypercalct_amlc (48) rats, and
_(52)' These functlo_nal properties suggest tha the other, a Naurea “counter-transporter” in the basolateral
is a secretory “sodium-urea counter-transporteimemprane of furosemide diuretic rats (54). Middle cell: an
in the apical membrane of the IMGI52). IMCD, cell showing a facilitated urea transporter (UT-A1)
Next, we tested for active urea transport irthatis expressed in the apical membrane of untreated rats (12,
IMCD subsegments from the four rat models aSS(20) and is up-regulated by hypercalcemia, furosemide, or

iated with . ired urin ncentratin bili adrenalectomy (21, 40, 49), and arMiependent, active urea
clated with an impaired uriné concentrating a ty‘“counter—transporter” that can be induced in the apical mem-

Iow—prot_ein di_et; h}’percamemia; water diuresis; aNiprane of water diuretic rats (48). Bottom cell: an IM@BII
furosemide diuresis. We found similar responses ishowing a facilitated urea transporter (UT-A1) that is

rats fed an 8% protein diet for 3 weeks and in raiexpressed in the apical membrane of untreated rats (12, 20)
made hypercalcemic by feeding them a vitamin (and is up-regulated in low-protein, hypercalcemia,

- . furosemide, or adrenalectomy (21, 40, 48, 49), and‘a Na
analog, dihydrotachysterol, for 3 days. Active ure‘dependent, active urea “counter-transporter” that is expressed

abSOI’ptiOIj was induced in the |Mgm0m both i the apical membrane of untreated rats (12, 20, 52). This
low-protein fed and hypercalcemic rats. It wasNat-urea “counter-transporter” is up-regulated in water

completely inhibited by: (1) removing sodium from diuretic rats (52) and down-regulated in a low-protein fed,
the perfusate (and replacing it with N—methyI—D—(48)' hypercalcemic (48), or furosemide diuretic (54) rats.
glucamine) but not from the bath, suggesting a
apical membrane localization; and (2) adding
ouabain to the bath (45, 48, 53). These functionalalcemia (45, 48, 53), this one is: (1) inhibited by
properties suggest that this is a reabsorptiveemoving sodium (and replacing it with N-
“sodium-urea co-transporter” in the apical mem-methyl-D-glucamine) from the bath (but not from
brane of the IMCR. There was no active urea the perfusate), suggesting a basolateral membrane
transport in the IMCD from low-protein fed or localization; (2) stimulated rapidly by vaso-
hypercalcemic rats, and active urea secretion wasressin; and (3) inhibited by phloretin or ouabain
completely inhibited in the IMCPfrom low-pro-  (54). These functional properties suggest that this
tein fed or hypercalcemic rats (45, 48). is a reabsorptive “sodium-urea counter-trans-
We also found active urea absorption in theporter” in the basolateral membrane of the
IMCD, from furosemide-treated rats (54). InIMCD;,. This active urea transport process is
contrast to the active urea absorption in thdunctionally similar to the sodium-urea counter-
IMCD, induced by low-protein feeding or hyper- transporter in the IMCBfrom rats given food
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and waterad libitum, but transports urea in an whether a cultured human liver cell line, HepG2
opposite direction and is localized to the oppositeells, transports urea by measuring thiourea
cell membrane. At present, it is not possible tanflux. HepG2 cells had a high thiourea influx
determine whether there are two sodium-ureaate that was significantly inhibited by two urea
counter-transporters, or a single transporter thdatansport inhibitors, phloretin and thionicoti-
can be sorted to different cell membranes dependramide (59). Western analysis of HepG2 cell
ing upon the IMCD subsegment and fhevivo lysate using our antibody to the C-terminus of
condition of the rat. There was no active uredJT-Al, which detects UT-Al, UT-A2, and UT-
transport in the IMCDB from furosemide-treated A4, revealed two protein bands, 49 and 36 kDa
rats, and active urea secretion was completelg69). We found the same proteins in cultured rat
inhibited in the IMCL} (54). hepatocytes, freshly isolated rat hepatocytes, and
In contrast to the preceding three animalin liver from rat, mouse, and chimpanzee (59).
models, we found no active urea transport in th®eglycosylation of rat liver lysate had no effect
IMCD, from water diuretic rats (52). However, on either band, and both bands were present when
we found that water diuresis results in a signifi-analyzed by native gel electrophoresis (59).
cant increase in active urea secretion in th®ifferential centrifugation of rat liver lysate
IMCD3 and its induction in the IMCH the mid- showed that the 49 kDa UT-A protein is in the
dle portion of the IMCD, (48, 52). Thus, in con-200,000xg (membrane) fraction while the 36 kDa
trast to the uniform pattern of long-term regula-UT-A protein is in the cytoplasmic fraction (59).
tion of facilitated urea permeability, there are two  Next, we made rats uremic by 5/6th nephrec-
response patterns of active urea transporters wheomy and feeding them a high protein diet to
urine concentrating ability is reduced: (1) hyper-determine whether the abundance of these UT-A
calcemia, a low-protein diet, and furosemideproteins variesn vivo. The 49 kDa UT-A mem-
result in induction of active urea absorption in thebrane protein was significantly increased in livers
IMCD 4, albeit by different mechanisms, and inhi-from uremic rats compared to pair-fed, control
bition of active urea secretion in the IMGD rats (59). Thus in liver, phloretin-inhibitable urea
while (2) water diuresis results in up-regulation oftransport occurs via a 49 kDa UT-A protein, and
active urea secretion in the IMGEnNd its induc- uremia increases the abundance of this UT-A pro-
tion in the IMCD,, without any active urea teinin vivo. This up-regulation of the 49 kDa
absorption in the IMCR (45, 46, 48, 52—54). UT-A protein may allow hepatocytes to increase
These patterns of change in active urea transieagenesis to reduce the accumulation of ammo-
porters are consistent with our predictions aboutium and/or bicarbonate during uremia.
changes in urea transport and urine concentrating
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