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Abstract

Urea exchange is enhanced in renal collecting duct cells and
erythrocytes by transporters which can be inhibited by phlore-
tin and urea analogs such as thiourea. In this study, evidence for
a comparable transporter was found in rat livers perfused with
solutions which contained no red cells and in suspensions of
hepatocytes. Bolus injections containing '25I-albumin (intravas-
cular indicator), 9mTc-DTPA (extracellular indicator), 3HOH
(water indicator), and I14Clurea were administered into the
portal vein and fluid was collected from the hepatic vein. Under
control conditions, ['4C1 urea and 3HOH emerged from the he-
patic vein at nearly the same rate. However when the perfusate
contained 2.5 mM phloretin (equivalent to 0.058mM phloretin
not bound to albumin), the amount of ['4CI urea which had been
recovered in the hepatic venous outflow by the time of peak
125I-albumin concentrations exceeded 3HOH recovery by a fac-
tor of 2.31±0.23 (n = 7). When the perfusate contained 200
mM thiourea, the comparable recovery of 114C urea from the
hepatic veins exceeded that of 3HOH by a factor of 3.48±0.44
(n = 7). These effects were at least partially reversible and
suggested inhibition of urea transporters in hepatocytes. This
conclusion was supported by studies of unloading of 114CJ urea
from hepatocytes which were exposed to unlabeled solutions: in
the presence of phloretin, the amount of 1'4Clurea remaining
within hepatocytes at 4 s was approximately twice that remain-
ing in hepatocytes which had not been exposed to phloretin.
Rapid transport of urea out of hepatocytes may increase urea
synthesis and minimize cellular swelling due to urea accumula-
tion. (J. Clin. Invest. 1993. 91:2822-2828.) Key words: urea-
liver * transport* phloretin * thiourea

Introduction

Urea transporters have been described in a limited number of
mammalian cells, notably red cells and a single type of renal
cell located at the tip ofthe collecting ducts ( 1-5). These trans-
porters accelerate diffusion across cell membranes by a factor
ofmore than 100 and are inhibited by phloretin and high con-
centrations ofurea or its analogs (e.g., thiourea) ( 1, 3, 6). It has
been suggested that enhanced transport of urea in red cells
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serves to decrease the osmotic dehydration that would other-
wise occur as they traverse the renal medulla (3). Location of
the transporters in collecting duct cells permits return of urea
to the medulla, keeping medullary stores ofurea high and min-
imizing osmotic losses ofwater which would otherwise be obli-
gated be excretion of high concentrations of urea (4, 5).

After injections into the portal vein, the rate ofexchange of
[14C] urea with the liver is very rapid and quite similar to that of
3H20 (7, 8). In contrast, exchange of ['4C] urea with the lung
parenchyma (9, 10), left ventricle ( 11 ), and rete mirabile ( 12)
is much more limited than that of3HOH during a single transit
through these organs. Although hepatic production ofurea rep-
resents the principal manner in which proteins are catabolized,
it is not known whether urea transporters mediate exchange of
urea between hepatocytes and plasma. In this study, we have
obtained evidence for urea transporters in perfused rat livers
and isolated liver cells. Indicator dilution methods were used to
study [14C]urea exchange in perfused livers and a rapid filtra-
tion procedure was used to monitor [ '4C ] urea unloading from
isolated liver cells.

Methods

Perfused liver preparation
Experimental procedures. 18 Sprague-Dawley rats (average weight
401±5 1g, SD) were anesthetized with an injection of 0.65 ml i.m. of a
64.8 mg/ml solution of pentobarbital. Catheters were placed in the
portal vein and inferior vena cava and positioned close to the hepatic
veins. The portal vein catheter was secured with a suture, and sutures
were placed around the inferior vena cava above and below the site at
which the hepatic veins enter the vena cava. The livers were perfused by
a syringe pump at 37°C with a control solution containing 25 mM
NaHCO3, 1 10 mM NaCl, 4 mM KCl, 2.5 mM CaCl2 0.8 mM MgSO4,
150 mg/dl glucose, 10 mg/dl urea and 5 g/dl bovine serum albumin
(Cohn fraction V, 98-99% pure; Sigma Chemical Co., St. Louis, MO)
adjusted to pH 7.4 when exposed to 5% CO2 at 37°C. In seven rats, the
livers were perfused with the control solution and with a solution which
contained 2.5 mM phloretin. In an additional seven rats, the livers were
perfused with a control solution and a solution which contained 200
mM thiourea. The sequence ofcontrol and experimental solutions was
randomized. The thiourea solution was kept isosmotic by reducing the
amount of NaCl to keep osmolality constant as judged by a vapor
pressure osmometer (Wescor, Logan, UT). The effect of replacing the
same amount ofNaCl with 200 mM mannitol was studied in four more
experiments. The rate of perfusion in the thiourea experiments aver-
aged 13.3 ml/ min. Somewhat higher rates ofperfusion were used in the
phloretin and mannitol experiments (see Tables I-II).

Indicators. A volume of 0.135 ml of a radioactive solution was
injected into the portal vein with a chromatography injection valve
(Type 50; Rheodyne, Inc., Cotati, CA). The injection solution con-
tained 0.15I5Ci '25I-albumin (human serum albumin labeled with 1251;
Mallinckrodt Medical, Inc., St. Louis, MO), 1.0 ,uCi diethyl-
enetriaminepentaacetic acid (99mTc-DTPA)I (CIS-US Inc., Bridge-

1. Abbreviations used in this paper: 99mTc-DTPA diethylenetriamine-
pentaacetic acid.
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Table I. Experimental Solutions Usedfor Isolation ofHepatocytes*

Constituent Source Ca"+ free buffer Collagenase buffer Washing buffer Suspension buffer

NaCI mg F 8300 3900 8300 4000
KCI mg M 500 500 500 400
CaC12 21-120 mg F 700 180 180
MgCI2 - 6H20 mg F 130
KH2PO4 mg F 150
Na2SO4 mg M 100
HEPES mg S 2400 24000 2400 7200
TES mg K 6900
Tricine mg K 6500
1 M NaOH ml/l M 5.5 66 5.5 52.5
Collagenase mg S 500
pH 7.4 7.6 7.4 7.6

* Adapted from Seglen (16). Quantities of solutes present in each liter of solution are tabulated. HEPES = (N-[2-hydroxyethyl]piperazine-N'-[2-
ethanesulfonic acid]), TES, N-[2-hydroxy-1,1-bis-(hydroxy-methyl)ethyl)ethyl]-taurine; Tricine, N-[tris(hydroxymethyl)methyllglycine, F, Fisher
Scientific, Itasca, IL; K, Eastman Kodak Co, Rochester, NY. M, Mallinckrodt, Inc.; S, Sigma Chemical Co., St. Louis, MO.

port, CT), 1.6 ,uCi 3H20, and 1.6 gCi ['4C]urea in an isotonic saline
solution. Less than 1% ofthe '251I-albumin was filtered through an ultra-
filter with a cut-off of 30,000 D (YM30 membrane; Amicon, Beverly,
MA) indicating that most of the 1251 was bound to the albumin. Sam-
ples of hepatic venous outflow were collected at 2-s intervals with a
mechanical collection rack. More than 99% of the ['4C] urea in the
injection solution and in fluid collected from the liver was released by
urease, indicating that the virtually all ofthe `4C label was in the form of
'4C]urea and ['4C]urea was not metabolized by the liver.

Analysis. Samples were analyzed in automated gamma and beta
counters, and the counts were corrected for background, cross-over,
and decay (for '"Tc-DTPA). Counts attributable to each indicator
were divided by the quantities injected to yield fractional concentra-
tions, [X], which were plotted against time (Figs. 1-3). The areas (A)
under fractional concentration curves of each of the indicators up to
the point at which '25I-albumin concentrations had become maximal
were calculated with the equation:

b

A(X)= E [X]At (1)
a

where [X] is the fractional concentration of the indicator (ml-'), At is
the sampling interval (in seconds), a is the time at which fractional
concentrations of '25I-albumin have reached 5% ofthe peak values, and
b is the time at which fractional concentrations of '25I-albumin have
reached peak values. The ratio A(mTc-DTPA)/A ( '251I-albumin) was
calculated and is equivalent to the transmission, T, of S9mTc-DTPA
( 13 ). In organs with continuous endothelial beds, Tcan provide infor-
mation concerning capillary permeability, but open fenestra in the
liver sinusoids permit rapid equilibration of labeled albumin with the
interstitium, as demonstrated by Goresky ( 14). Values of A (99"Tc-
DTPA)/A( '25I-albumin) were calculated to determine if exposure to
phloretin, thiourea, or mannitol altered either the permeability of the
barriers separating the perfusate from the interstitium or the extracellu-
lar volume of distribution of 'Tc-DTPA. Because the molecular
weight of9mTc-DTPA (492 D) is much closer to that of [ '4C]urea (80
D) than that of '251I-albumin (64,000), 9'Tc-DTPA provides a more
suitable extracellular indicator for assessing intracellular diffusion of
[14C] urea and 3HOH, and ratios of A([ 14C]urea) and A(3HOH) to
A(9'Tc-DTPA) are tabulated in Table II (peaks of '25I-albumin and
99M Tc-DTPA were very similar and the former were retained for consis-

Table II. Indicator Dilution Data*

Control (n = 13) Phloretin (n = 7) Thiourea (n = 7) Mannitol (n = 4)

F 15.5±0.5 18.1±1.1 13.4±1.1 15.4±0.2
twbumin 42.7±2.50 42.5±2.7 33.9±3.6* 45.8±3.2
A(DTPA)/A(albumin) 0.827±0.022 0.831±0.032 0.884±0.028 0.843±0.026
A(water)/A(DTPA) 0.381±0.018 0.353±0.025 0. 140±0.0534 0.185±0.0384
A(urea)/A(DTPA) 0.347±0.007 0.792±0.054§ 0.370±0.059 0. 175±0.035*
A(urea)/A(water) 0.936±0.045 2.315±0.2254 3.481±0.5944 0.946±0.068
R(DTPA) 0.984±0.012 0.982±0.014 0.989±0.019 1.001±0.023
R(water) 0.974±0.036 0.953±0.026 0.826±0.030 1.087±0.082
R(urea) 1.043±0.118 0.842±0.014 0.747±0.029 1.036±0.218
A VDTPA 0.257±0.090 0.441±0.147 0.443±0.091 0.249±0.139
A Vwat.r 4.20±0.87 3.39±0.28 7.10±2.58 9.28±1.73*
Liver weight 15.1±0.3 23.4±2.14 23.3±1.86

* Means and standard errors. Control values were obtained from those experiments in which the control solution was used before the phloretin,
thiourea or mannitol solutions. Significance of differences in mean values of experimental from control data were determined by Dunnet's test
following ANOVA. As indicated in the text, insufficient downslope data was collected in 1 phloretin and 2 thiourea experiments to make it
possible to calculate R(water), R(urea) or A V,,at, and these data were not included in the calculations. t P < 0.05, § P < 0.0 1.
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tency in calculating values ofA for each ofthe indicators). Low values
of these ratios indicate greater intracellular distribution. Ratios were
also calculated forA( [ 14C]urea)/A(3HOH), as an index ofthe relative
extent to which these two indicators had equilibrated with the intracel-
lular volume by the time that '25I-albumin concentrations had become
maximal. A( '25I-albumin) is designated asA(albumin), A(Q 14C] urea)
asA(urea), and A(3HOH) asA(water) in the remainder ofthe text for
simplicity.

For calculations of flow (F), total recovery (R), and mean transit
times (t), the outflow curves ofeach ofthe indicators were extrapolated
to infinity by plotting fractional concentrations on a logarithmic ordi-
nate against time on a linear abscissa and using the least-squares best fit
of the last five sample concentrations to extend the curve beyond the
last measured sample. The recoveries (R) of the diffusible indicators
(99'Tc-DTPA, 3HOH, and [ 14C] urea) were calculated by dividing the
areas under the extrapolated outflow curves of these indicators by the
area under the extrapolated '25I-albumin curve as described previously
( 15). The rate ofperfusion, F, was calculated from the reciprocal ofthe
area under the extrapolated '25I-albumin curve and the mean transit
times, t, were calculated in the conventional fashion from the equation:

00

-[X]tdt
t =a(2)

|[X] dt

where the integrals were estimated from the extrapolated indicator di-
lution curves ( 15 ). Volumes of indicator distribution were calculated
from the products of flow and mean transit times, and were corrected
for the catheter volume. The volume of distribution of '251-albumin
was subtracted from that ofthe diffusible indicators to yield extravascu-
lar volumes (A V). Estimates of recoveries and mean transit times of
3HOH and [14C] urea could not be made in one of the seven phloretin
and two of the seven thiourea experiments because insufficient data
were collected at late times to permit accurate estimates of the down-
slopes ofthese curves. Because ofthe likelihood that the downslopes of
the urea curves were not monoexponential, particularly after inhibi-
tion with phloretin and urea, no attempt was made to calculate AV of
[ 4C]urea. A more comprehensive analysis is possible with the mathe-
matical model outlined by Goresky et al. (7), but this was not neces-
sary to demonstrate the presence of urea transporters in the present
study.

Binding ofphloretin to albumin was quantified by filtering 2.5 mM
phloretin in the perfusate solution, which contained 5 g/dl albumin
through an Amicon YM30 membrane with a 30,000-D molecular
mass filter (see above). Phloretin concentrations were determined spec-
trophotometrically at 320 nm in protein-free solutions: the optical den-
sity of the filtrate was compared to that present in a protein-free solu-
tion, which contained the same amount ofphloretin as the filtrand and
which was diluted prior to spectrophotometry.

Means of the indicator dilution data (Table II) were compared by
first calculating a one-way, completely randomized ANOVA for each
parameter and then using a Dunnet's test to determine if values in the
phloretin, thiourea, and mannitol experiments differed from control
values. Weights were not obtained after livers had been perfused with
only the control solution but the means of the thiourea and mannitol
weights were compared with those of phloretin by the same statistical
approach.

Isolated hepatocytes
Preparation ofcells. Hepatocytes were isolated and purified from five
rats in the manner similar to that described in great detail by Seglen
( 16). The portal vein was catheterized as indicated above but no cath-
eter was placed in the inferior vena cava. The liver was perfused at 30
ml/min with 300 ml ofan oxygenated Ca++ free perfusion buffer (see
Table I) at 37°C. During this perfusion the liver was excised and the
flow rate was increased to 50 ml/min until the solution was depleted.
The liver was then placed on a nylon filter which rested on a perforated

plastic dish mounted on a beaker. A collagenase buffer solution was

infused at 50 ml/min into the liver and fluid collected from the beaker
was recirculated for 10 min through the organ. The liver was then
placed into a petri dish containing 75 ml of a suspension buffer. The
liver was raked with a stainless steel comb to release the parenchyma
and the cells which were released were filtered through a 250 4mnylon
mesh (all nylon meshes were obtained from Tetko, Inc., Briarcliff
Manor, NY). The cell suspension was placed in a large petri dish which
was shaken in a 370 water bath for 30 min, and then placed in ice for 5
min, after which they were passed through a 250-,gm mesh and a 100-
,um mesh which were layered on top of one another. The filtrate was
then spun at 200 rpm (5 g) for 5 minand the supernatant was removed
and discarded. The cells were washed and centrifuged three times with
35 ml of a washing buffer. The resulting pellet was resuspended in 30
ml ofsuspension buffer and passed through a 61 gm nylon mesh for the
final cell suspension. This procedure yielded what appeared on micros-
copy to be > 97% hepatocytes, as described by Seglen ( 16). Further-
more, > 99% of the cells excluded trypan blue prior to equilibration
with ['4C]urea and > 97% excluded trypan blue after equilibration,
suggesting that most of the cells were viable during this period.

Equilibration and unloading with ['C] urea. Two 500-Id aliquots
of liver cell suspensions were used to compare unloading of [ '4C ]urea
from cells that had been exposed to either phloretin or the suspension
buffer without phloretin. 200 gl of a solution containing 1.3 ,ACi of
'25I-albumin (human serum) and 9 ACi ['4C] urea were added to the
aliquots and incubated at 250C for 30 min in a shaking water bath.
'251-albumin was included in this solution to permit calculation of the
fractional cell volume of the hepatocytes in the pellet as described be-
low. 400 Al of either the suspension buffer containing 10 mg/dl urea

and 0.1 g/dl albumin (bovine serum) or 100 gM phloretin in this
buffer was added to the suspension for an additional 10 min. (It is
difficult to dissolve more phloretin in the buffer without albumin, and
the resulting solution had a concentration of 37 ,gM). Both the control
and the phloretin suspensions were spun at 200 rpm for 5 min and 5 ,l
samples ofthe supernatant and pellet were obtained for measurements
of radioactivity and subsequent calculation of cell volume (see below).
A 1 Al sample of the pellet were placed on a 0.45jm MilliporeR Multi-
screen filter simultaneously with 250 Al of the suspension buffer con-

taining 0.8 jiCi/ ml of[3H ] sucrose and 10 mg/dl unlabeled sucrose, 10
mg/dl urea, and 0.1 g/dl albumin. (Low concentrations of albumin,
urea, and sucrose were utilized to prevent non-specific binding to the
containers.) After 4, 30, and 60 s, suction was applied to the filters,
thereby separating the cells from the supernatant. The filters were dried
with an infrared lamp and the filters were punched out by a Millipore
cell harvester and placed in 2 ml ofOptiphaseR II scintillant. The filters
and 100-,Al samples of the filtrates were added to 2 ml of OptiphaseR
Hisafe 3 scintillant (Wallac/LKB Inc., Gaithersburg, MD) and
counted as indicated above.

Calculations. '25I-albumin was included in the incubation solution
with ['4C] urea to permit calculation ofthe fractional cell volume ofthe
pellet, which was subsequently placed on the filters. It was assumed that
'25I-albumin remained extracellular during the equilibration period.
After correction of counts for cross-over and background, the frac-
tional cell volume fof hepatocytes in the pellet that was used for un-

loading was calculated from the '25I-albumin concentration in the pel-
let [A]P and that in the suspension [A ], with the equation:
f = 1 -[A]pl[A]5 (3)
Once the value of f was known, it was possible to determine the
amount of intracellular ["4C]urea which was initially placed on the
membrane in the following fashion: The concentration [ U]0o of [ '4C]-
urea present in the hepatocytes which were placed on the membrane at
the end of equilibration was calculated from the concentration in the
pellet [ U]J, the concentration in the supernatant [ UJ, and fwith the
equation:

(4)
U]O= [ Ulp - ul(1 - )
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Figure 1. Phloretin studies.
Prior to exposure to phloretin
(control run), the outflow
patterns of ['4C]urea and

iHOH are similar. Following
2 min of perfusion with 2.5
mM phloretin (0.065 mM
unbound phloretin), [ 14C]-
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Time (seconds) 3HOH.

and the quantity ofurea UC m 0 within the hepatocytes originally placed
on the filter was calculated from the equation

Uc m,O = fV[ U],o (5)
where V is the volume of the pellet injected onto the filter (1 gl).

['3H Sucrose was incorporated in the diluent so that the volume of
extracellular fluid and the amount ofextracellular [ `4C] urea remaining
on the membrane after filtration could be calculated. The amount of
intracellular urea U,mt on the membrane at time t, when suction was
applied to remove the diluent from the membrane, was calculated from
the equation:

Uc m
~ IS I, (6)

where the volume of extracellular fluid remaining on the membrane
after filtration is calculated from the ratio of the [3H]sucrose on the
membrane S,. to the concentration [S]f,, of sucrose in the filtrate,
[ U],-, is the concentration of urea in the filtrate at the time of filtration
and the second term on the right side ofEq. 6 represents the amount of
[ 'C]urea in the extracellular fluid remaining on the membrane. Val-
ues were then calculated for the fraction, U,,,,, Uc,,O of intracellular
[I'C] urea remaining on the membrane at 4, 30, and 60 s. The amounts

Control

80

125
* I-albumin

99m 9V 3 Tc-DTPA 90
O HOH

14 80
A C-urea

of [ "CC]urea remaining in hepatocytes in the presence and absence of
phloretin was calculated with a two-way analysis of variance with re-
peated measures (for each time interval).

Results

Perfused liver preparation. As indicated in Figs. 1-3, the out-
flow patterns of ['4C]urea were relatively close to those of
3HOH in the control experiments. After 2 min of perfusion
with phloretin (Fig. 1) the outflow pattern of ["4C] urea was
shifted toward that of 99nTc-DTPA, an indicator which re-
mains extracellular. This was reflected by significant increases
in A(urea)/A(DTPA) and A(urea)/A(water) (see Fig. 1 and
Table II). Phloretin did not have significant effects on the out-
flow patterns of the indicators other than that of ["4C] urea.
These observations were consistent with the conclusion that
phloretin inhibited urea uptake by hepatocytes. Only 2.3% of
the phloretin traversed an ultrafilter with a cutoff of 30,000 D
(see Methods), suggesting that the remainder was bound to
albumin and that the concentration of free phloretin in the
perfusate was 0.058 mM.

Thiourea

0X 70 Figure 2. Thiourea studies.
60 Perfusion with 200 mM thio-o Z Ail \>pental for 2 min had two ef-
50 fects on indicator emergence

0 1 \ It n from the liver: (a) initial
4o0 concentrations of both ["C]-

I r e d :0 urea and 3HOH were de-
D

t ma vancreased, but (b) ["C]urea
20 4 rzottemergedfrom the liver in ad-

D Asvance of3HOH. The first ef-
10 fect appears to be related to

D 0 tissue edema whereas the
second effect reflects inhibi-

0 20 40 60 80 100 0 20 40 60 80 100 tionof['4C]ureatransport
Time (seconds) Time (seconds) into the hepatocytes.
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Perfusion ofthe liver with the solution containing 200mM
thiourea for 2 min appeared to have two major effects on the
outflow curves ofthe indicators (Fig. 2). In six of seven experi-
ments, A(water)/A(DTPA) was less after perfusion with
thiourea than with the control solution (P < 0.01 ) and AVwer
was increased in four of the five experiments in which enough
late samples were collected to allow this calculation (this differ-
ence was not quite significant, see Table II). These observa-
tions were consistent with tissue swelling, a conclusion which
was supported by the observation that the weight of the livers
averaged 5.96±0.48% (SEM, n = 7) of bodyweight, whereas
liver weight averaged only 3.84±0.12% (n = 7) of bodyweight
after the phloretin experiments (P < 0.01 ). Evidence for tissue
swelling was also observed when 200mM mannitol rather than
thiourea was placed in the perfusate solution in place ofequios-
molal quantities of NaCl (Fig. 3): A (water)/A (DTPA) fell
significantly whereas AVwgtr increased significantly (Table II)
and the liver weight was 5.05±0.32% of the total body weight,
which was significantly more than that observed in the phlore-
tin experiments (P < 0.05). Neither thiourea nor mannitol
influenced A VDTPA nor A (99mTc-DTPA)/A ( '251-albumin),
suggesting that tissue swelling was related to cellular rather
than interstitial edema.

In addition to inducing cellular edema, thiourea appeared
to increase differences between the outflow patterns of [14C]-
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2.5-4
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2- ~~~~~~~~~~~3
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1.5 ~~~~~~~~~~~~~~~~~~~2-

0.5 0.5ICONIROL | PHLORF rIN I c

Figure 3. Mannitol studies.
Perfusion with 200 mM
mannitol for 2 min decreased
initial concentrations ofboth
['4C] urea and 3HOH relative

t:2t L̂ to '251-albumin and 9'Tc-
DTPA but did not shift the
('4C]urea curve to earlier
times than 3HOH. Although
livers perfused with this solu-
tion became edematous,

40 60 80 100 120 mannitol did not inhibit urea
Time (seconds) exchange with hepatocytes.

urea and 3HOH. Following infusions of 200 mM thiourea,
['4C]urea emerged from the hepatic veins in advance of
3HOH: A (urea)/A (water) increased significantly (see Table II
and Fig. 2). Although infusions ofcomparable concentrations
ofmannitol appeared to make the liver edematous (see above),
they did not cause [ 14C] urea to traverse the liver more slowly
than 3HOH (Table II). These observations suggest that perfu-
sion with thiourea inhibits ['4C] urea exchange with hepato-
cytes whereas perfusion with mannitol does not have this ef-
fect. For reasons which were not clear, tabumin in the thiourea
studies was somewhat less than that in the other experiments,
but it was not significantly different from the values observed
in controls of the same experiments.

In three of the seven thiourea experiments and three of the
seven phloretin experiments, the liver was perfused with the
experimental solution before the control solution (Fig. 3). In
each of these studies, the effects of thiourea and phloretin on
urea movement into the tissues were decreased in the following
control runs, suggesting that inhibition ofurea transport was at
least partly reversible (Fig. 4).

Isolated hepatocytes. As indicated in Fig. 5, the fraction of
['4C] urea remaining within the hepatocytes at 4, 30, and 60 s
after unloading was greater by a factor of about 2 when the
hepatocytes had been exposed to phloretin (37 ,gM phloretin
for 10 min after loading with ['4C] urea and 100 1AM phloretin

Figure 4. Effects of perfusion
with phloretin and thiourea
upon the ratio ofthe initial
cumulative recovery of [ 14C]-
urea to that of 3HOH
[A([ '4C]urea)/A(3HOH)].
Increases in this ratio with
exposure to thiourea and
phloretin reflect inhibition of
['4C] urea transport into the
hepatocytes. This effect ap-
peared to be reversible (the
direction of the arrows indi-
cates the sequence of the
control and experimental

3JITHIOUA I runs).
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3 medullary collecting duct cells (22). The observation in these
studies that [ '4C] urea emerges in advance of3HOH from the
liver following infusions of200mM ofthiourea suggests a simi-
lar carrier in hepatocyte membranes. Unfortunately, high con-
centrations of both thiourea and mannitol resulted in what
appeared to be swelling of hepatocytes and evidence has been

2_h orstn
obtained for diffusion ofboth thiourea (24) and mannitol (25)

\ Phlorstin into hepatocytes. However, although mannitol delayed emer-
gence of both ['4C] urea and 3HOH from the hepatic veins, it
did not alter the relative rates at which these indicators ap-
peared in the outflow: A ( [ '4CJ urea)/A (3HOH) remained un-
changed. These observations indicate that though both

I _ ' _ thiourea and mannitol induced cellular edema, only thiourea\ Contro I . . had a significant effect on [ 14C ] urea transport across cell mem-
XX,Jibranes. Edema formation in livers exposed to thiourea was not

completely reversible during the brief (2 min) perfusion pe-
riods of these experiments (the livers remained heavy even
when the control runs followed the thiourea experiments).
However, significant reversibility of ['4C]urea transport rela-

0 1 0 20 30 40 50 60 70 tive to 3HOH was noted in both the thiourea and phloretin
TIME (seconds) experiments, suggesting that these agents did not permanently

impair urea transport.
Unloading of ['4C] urea from hepatocytes exposed to Since the hepatic sinusoids are discontinuous and the hepa-
or control solutions. Uc,,.,/ Ut,,o indicates the fraction of tocytes represent the principal cellular constituent of the liver

Alar ['4C1 urea remaining on the filters after various intervals (26), it is likely that the transporter inhibited by thiourea and
ling. Initial losses of[ '4C] urea were rapid, but the amount phloretin is located on the cell membranes of the hepatocytes.
igin the hepatocytes exposed to phloretin was greater than This conclusion is supported by the studies of ['4C] urea un-
1,1patocytes exposed to the control solution. loading in isolated hepatocytes: exposure to phloretin slowed

efflux of [ '4C] urea from these cells. However, even in the pres-
ence of phloretin, efflux of ['4C]urea from hepatocytes was

inloading) than in control experiments (P < 0.025). observed and the presence of other structures, which are capa-
)f ['4C]urea from the hepatocytes were initially very ble of permitting passage of ['4C]urea but which may not be
ggesting diffusion of label out of a population of cells inhibited by phloretin, is quite possible. For example, Hase-
ere very permeable to ['4C] urea, perhaps because of gawa et al. have recently reported evidence that ['4C] urea dif-
vith the filter membranes. Slower rates of loss were fusion may occur through the cystic fibrosis transmembrane
Ithereafter (P < 0.01 for decrease in hepatocyte con- conductance regulator (CFTR) (27).
sns between 4 and 60 s). Whereas protein catabolism results in the excretion ofNH3

in fish and uric acid in birds, urea is the chief nitrogenous
sion product excreted by mammals. The presence of urea transport-

ers in the cell membranes of hepatocytes may serve to keep
urea concentrations within the cells low. Rapid transport ofof urea transporters in cell membranes currently de- urea out of the hepatocytes could make urea synthesis more

on ihbition wiethtplorconetntranwith ue horeitsna- efficient by reducing intracellular concentrations of the prod-as been noted that low concentrations of phloretin uct. Urea transporters may also minimize cellular swellingsport of ['4C]urea into the red cells, renal collecting whc: ol eepce fsgiiatacmlto fue
;,anaphbin lddrs( 719. horti i asuf

which would be expected if significant accumulation of urea
andi amphibian badders (17-19). Phloreti s

au occurred within hepatocytes, an event which would raise intra-inding agent that affects a variety of transporters on cellular osmotic pressure and encourage flow of water into the
lar surfaces, such as those involved with glucose and hepatocytes.

__ __ _ __11 /I %_ 'In'. 'F, x-__ _' _- .__r_ hpaoytchloride transport in red cells (2(, 21). Its action is theretore
nonspecific but the observation that it dramatically slows urea
transport out of the hepatic vasculature and out of preloaded
hepatocytes is consistent with an effect on transporter(s) re-
sponsible for urea exchange between the hepatic sinusoids and
the surrounding hepatocytes.

Relatively high concentrations of urea are needed to inhibit
transport ofurea across the cell membranes oferythrocytes and
inner medullary collecting duct cells. Apparent Km values of
between 30 mM and greater than 800 mM have been reported
(22, 23). Urea derivatives such as thiourea can be used to in-
hibit urea transport in both red cells and inner medullary col-
lecting duct cells (2, 18, 22). Chou and Knepper have reported
that 200 mM thiourea inhibits urea transport by 75% in inner
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